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Aflatoxin, produced by the fungi Aspergillus flavus and A. parasiticus, is the most potent 
naturally occurring human hepatocarcinogen.  Food crops colonized by these fungi, especially 
maize and groundnut, are the major sources of dietary aflatoxin exposure. Aflatoxin and chronic 
hepatitis B virus (HBV) infection, two liver cancer risk factors that synergize with each other, 
are prominent in sub-Saharan Africa and certain parts of Asia. Furthermore, increasing evidence 
from epidemiological studies suggests that aflatoxin may cause child growth impairment, which 
can increase risks of premature deaths. A broad range of aflatoxin control strategies, developed 
to reduce aflatoxin exposure or its toxicity, include preharvest, postharvest, and dietary 
interventions; as well as the HBV vaccine, which does not reduce aflatoxin exposure but reduces 
the risk of aflatoxin-induced liver cancer. 
We compared the efficacy and the cost-effectiveness of four aflatoxin risk-reduction 
strategies: HBV vaccine, biocontrol (preharvest), a postharvest intervention package, and 
NovaSil clay (dietary) in preventing liver cancer and stunting in Nigeria. Aflatoxin and chronic 
HBV infection are attributable for 8-27%, and 59-62%, respectively, of total liver cancers in 
Nigeria. We found that the HBV vaccine provides the greatest health-based efficacy and the 
lowest cost to avert one disability-adjusted life year (DALY) in Nigeria, compared with the 
selected aflatoxin control interventions. The prospective burden of aflatoxin-related stunting in 
Nigeria varies depending on aflatoxin exposure levels, which can vary substantially by year and 
location.  At higher levels of aflatoxin exposure, the burden of aflatoxin-associated stunting is 
significant.  Preventing stunting by any of these interventions would greatly reduce the cost per 
DALY and turn these interventions from non-cost-effective to very cost-effective. Our technical 
feasibility assessments of these four interventions suggest some advantages and disadvantages of 
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each intervention over the others.  These data are crucial components in a decision making 
process to effectively allocate public health resources, and to position interventions for further 
development of public health interventions to prevent some aflatoxin-related public health 
problems, especially in high risk populations.  
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1.0  AFLATOXINS 
1.1 DISCOVERY OF AFLATOXIN 
Aflatoxins are toxic metabolites produced by certain fungi. In 1960, over 100,000 turkeys in 
England died within a few months.  This disease was first described as turkey X syndrome. Later 
it spread to ducklings and pheasants. Finally, after an intensive investigation, it was found that 
the reason of this epidemic in the poultry was caused by Brazilian peanut meal used to feed these 
poultry. Because of the course of the disease, fungi were suggested as the origin of these 
toxins(1).  
The toxin is named aflatoxin since it is produced by a fungus; Aspergillus flavus. At 
present, it has been found that other fungi, including some strains of A. parasiticus , plus related 
species, A. nomius and A. niger, can produce aflatoxins.  There are at least 6 types of aflatoxins 
identified according to their structure: B1, B2, G1,G2, B2A and G2A (1, 2). In addition, two 
metabolites, aflatoxin M1 and M2 have been found in the milk of the animals fed with aflatoxin 
contaminated food. B1 and B2 got B as their designation from their properties in producing blue 
fluorescence with UV light; whereas, G1 and G2 give yellow-green fluorescence under UV light. 
These toxins have closely similar structures. B2, and G2 are considered as dihydroxy derivatives 
of B1, and G1; M1, and M2 are 4-hydrogenated derivatives of  B1, and B2,  respectively(1).  
Aflatoxin B2A and G2A have been produced in a small amount by A. flavus and A. parasiticus. 
Moreover, A. flavus also produces other closely related compounds; aflatoxin GM1, parasiticol 
and aflatoxicol (3).   
Aflatoxins are highly contaminated in maize, peanuts, and oil seeds, such as cottonseed, 
but they are also detected in milk, cheese,  tree nuts, almonds, figs, spices, and a variety of other 
foods and feeds (1).  Poor storage conditions, especially during rainy seasons, can increase 
concentration of aflatoxins (4).  Moreover, aflatoxins have been identified not only in raw 
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agricultural products, but also in processed foods because they are stable in most food processes 
(1). Humans are affected by consuming food contaminated with aflatoxins. (5).  
Acute exposure to aflatoxins could lead to a condition called “aflatoxicosis”.  Early 
symptoms of aflatoxicosis are anorexia, malaise, and mild fever. If individuals are acutely 
exposed to high levels of aflatoxins, the symptoms can progress to lethal hepatitis with vomiting, 
abdominal pain, jaundice, fulminant hepatic failure, and death. The fatality rate from 
aflatoxicosis is about 25% (6). Several factors, including environment, exposure level, and 
duration of exposure, age, and health status can influence the aflatoxin toxicity. One major 
epidemic of aflatoxicosis occurred in more than 150 villages in India in 1974. This outbreak 
caused 397 ill-persons and 108 deaths. The contaminated maize with aflatoxin levels of 0.25 to 
15 mg/kg was identified.  The minimum estimated daily intake of aflatoxins was about 55 
ug/kgBW. Eight years later, another outbreak took place in Kenya. Twelve out of twenty people 
admitted to the hospital died in this event with a minimum aflatoxin dose of 38 ug/kgBW per day (5).  
During another outbreak of aflatoxicosis in eastern Kenya in 2004-2005, 125 deaths were 
reported.  This outbreak was caused by poorly harvested and low quality storage conditioned 
maize. The average AFB1 level in maize samples was 4,400 ppb− 220 times of Kenyan limit of 
aflatoxin in food.  From January to June 2004, 317 patients sought hospitals with the symptoms 
of liver failure (7). The numbers of aflatoxicosis cases might be underestimated, since people 
who had mild forms of aflatoxicosis might not have gone to hospitals. 
In 1988 AFB1 was classified as a potent carcinogen in humans by the International 
Agency for Research on Cancer (IARC) (1). Hepatocellular carcinoma (HCC) has been related to 
aflatoxins, especially in the presence of hepatitis B virus (HBV) and hepatitis C virus (HCV) (3, 
4). The other health effects from chronic exposure to aflatoxins might include immunologic 
suppression, impaired growth, and nutritional interference (1). Aflatoxins have been found to 
affect growth in children who are exposed to aflatoxins in their early life (3). Chronic toxicities 
of aflatoxin are often resulted from ingestions of low or moderate levels of aflatoxins (5). 
Though susceptibility to acute and chronic toxicities of aflatoxin varies along the species, 
for most species, LD50−the dose that kills 50% of tested animals− of aflatoxin ranges from 0.5 
to10 mg/kgBW (1). Because of aflatoxin toxicities, the US Food and Drug Administration 
(USFDA) does regulate the levels of aflatoxins in food and feed. No more than 20 ppb of 
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aflatoxins is allowed in food or commodities in the US trade.  Allowable limit of AFM1 in milk 
is less than 0.5 ppb (8).  
1.2 AFLATOXIN AND LIVER CANCER 
Being exposed to low levels of aflatoxins increases risk of liver cancer (7). However, some 
studies showed that a single, high doses of aflatoxin  also induce liver cancer (9). Co-presence of 
aflatoxin and HBV increases the risk of liver cancer several times higher than either exposure 
alone. The proposed mechanisms of aflatoxin on liver cancer are (i) aflatoxins may suppress 
DNA repair mechanisms , which help to limit the progression of HBV infection to liver cancer, 
and (ii) HBV might interrupt the detoxification process of aflatoxins (10).  
1.2.1 Mode of toxicity 
It has been believed that the metabolic pathway of AFB1 plays an important role in its 
toxicity, since metabolic activation is needed to exert its carcinogenicity (4). The main organ 
responsible for metabolism of aflatoxin is the liver; however, the metabolism of aflatoxin might 
occur at extrahepatic organs (11, 12).  Metabolism of aflatoxins can be divided to 3 phases: 
bioactivation, conjugation, and deconjugation.  
1.2.1.1 Bioactivation 
The CYP450 enzyme system, mainly 1A2 and 3A4, metabolizes AFB1 to the reactive 
metabolite; AFB1-8,9 -epoxide (AFBO) (4). Other predominant metabolites of AFB1 by CYP 
450 system are , aflatoxin Q1 (AFQ1), aflatoxin P1 (AFP1), which are considered less toxic than 
the parent form (AFB1) (9). AFM1 is one of the major AFB1 metabolites. Though less mutagenic, 
AFM1 is considered equally toxic as AFB1 (13). 
AFBO is highly unstable. It readily reacts with other cellular molecules. In the human 
liver, even both exo and endo isoforms of AFBO have been found, but the exo isoform is 
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predominant, much more mutagenic, and much more efficient to form DNA-adduct than the 
endo epoxide. At low substrate level, CYP1A2 is 3-6 times more efficient than CYP3A4 in 
metabolizing AFB1 to AFBO, with the ratio between exo and endo isoform of 1:1. Even both 
AFM1 and AFBO are produced by CYP1A2 activity, but the ratio between AFBO and AFM1  
produced is about 2.5:1(9).   
CYP 3A4 can either metabolize AFB1  to AFQ1−non genotoxic metabolite−or to AFBO 
at the ratio of 10:1, but because of the high expression levels of CYP3A4, it is the major 
contributor to AFBO production (9). CYP3A5 is not found enormously in adult liver compared 
with CYP3A4, but a small percentage of population carries the functional variant termed 
CYP3A5*1 and can express higher or equivalent levels of CYP3A5 when compared to CYP3A4. 
Furthermore, since AFBO is preferentially produced by CYP3A5 under low substrate conditions, 
CYP3A5 acts as an bioactivation pathway, while CYP3A4 acts as a  detoxification pathway (9). 
 All metabolites of AFB1 are hydroxylated, but only AFM1 is considered toxic via oral 
ingestion. However, this metabolite is detoxified by conjugation with taurocholic or glucuronic 
acid before excretion to the bile or urine (14). 
Other non-CYP activating pathways of aflatoxins include  epoxidation of AFB1 from 
prostaglandin H synthase and DNA-bound derivative of  AFB1 by enzyme  lipoxygenase (9). 
1.2.1.2 Conjugation 
Several enzymes involve in this phase including glutathione S-transferase (GST), ß-
glucuronidase, and sulfate transferase which produce conjugates of AFB1-glutathione, AFB1-
glucuronide, and AFB1-sulfate, respectively. Conjugation makes the toxin more hydrophilic and 
readily to excrete in the bile. This is essential to reduce toxicity of aflatoxins (15). However, 
human cytosolic fractions poorly conjugate AFBO with glutathione (9), which results in the low 
ability of the body to excrete aflatoxin.  
1.2.1.3 Deconjugation 
This phase happens in intestinal tract by intestinal bacteria.  This results in re-absorption of 
aflatoxin metabolites (16) or fecal excreted in an unbound form of aflatoxin(17). However, this 
phase has not been well characterized (16). 
5 
1.2.2 Pathways of pathogenesis of aflatoxin-induced liver cancer 
Carcinogenic effects of AFB1 are generally caused by the formation of AFB1-DNA adduct, 
AFB1-
7N-guanine, (AFB1-N7-Gua) leading to the base transversion from guanine to thymine. 
AFB1-N7-Gua  is formed by covalently bonding C-8 of AFB1-8,9-exo-epoxide and 
7N-guanine 
base in DNA(15).  AFB1-N7-Gua are naturally converted to two secondary lesions, an apurinic 
site and a stable form–AFB1-formamidopyrimidine (AFB1-FAPY) adduct (4). The stable adduct 
is believed to be the most mutagenic lesion (4, 9).   
There was a wealth of  evidence that  the carcinogenicity of aflatoxin is correlated well 
with the number of  DNA-adducts (9). There has been evidence from the Kenyan aflatoxin 
outbreak in 2004-2005 showing that the levels of DNA adducts in aflatoxicosis survivors are 10 
times higher than that of controls. People who died from this outbreak had more DNA adducts 
than the survivors (7). 
A mutation of p53 at codon 249 is believed to be associated with aflatoxin exposure. P53 
acts as a cancer suppressor gene by inducing apoptosis in damaged cells. In a normal situation, 
p53 binds to the protein upstream p21 and activates p21 transcription. P21 protein binds to cyclin 
dependent kinase 2 (cdk2) and impedes the roles of cdk2 in cell division. This process is an 
important checkpoint in DNA replication leading to repair before the next stage of cell divisions. 
Thus the cell division and proliferation are inhibited by the binding of p53 and p21. Therefore, a 
mutation in p53 l eads to uncontrolled cell division and proliferation, which can later result in 
tumor formation. A mutation in p53 is believed to be the underlying mechanism of HCC 
development (18).  
How aflatoxins induce liver cancer is complicated. Whereas the affinity of aflatoxins to 
other codons, such as codon 245 and 273, is similar or greater than its affinity to codon 249, only 
the codon 249 (AGGCC) represents a site of intermediate affinity for the AFB1-induced lesion. 
Therefore, not only the affinity of aflatoxins to codons but also some factors not yet indentified 
influence the selectivity in the sites of mutations (4). 
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1.3 AFLATOXIN AND OTHER AFLATOXIN TOXICITIES  
1.3.1 Immunosuppression 
Most mycotoxins affect the immune system. Suppression of the immune system makes animals 
or humans more vulnerable to infectious agents. Several animals infectious outbreaks in the past 
were associated with the presences of mycotoxins. Salmonellosis and candidiasis outbreaks in 
domestic animals in 1960 were associated with Turkey X syndrome caused by aflatoxins. In 
1977, following the presence of high concentration of aflatoxins in corn crops, a salmonellosis 
outbreak in swine took place in the Southeastern United States (19).  
1.3.1.1 Animal studies 
The effects of aflatoxins on t he immune system have been reported in several animal studies. 
These effects include, but are not limited to, cell-mediated immune response suppression,  
lymphoblastogenesis suppression, impairment of delayed cutaneous hypersensitivity, impairment 
of the graft-versus-host reaction, the decreases in splenic CD4 (helper T) cell numbers and 
interleukin 2 ( IL-2) production, and absence of the heat-stable serum factors involved in 
phagocytosis. Surprisingly, aflatoxin also affected parasite. Morbidity from malaria was 
decreased in mice treated with aflatoxins by the direct effect of aflatoxins to plasmodium parasite 
(10).  
Aflatoxins impair macrophage function in the host defense system (10) and suppressed 
murine macrophages’ productions of nitric oxide, superoxide anion, hydrogen peroxide, TNF-α, 
IL-1, and IL-6 (20). AFB1 at ≥ 100 pg/ml is cytotoxic to monocytes. Even at the much lower 
doses as 0.5-1 pg/ml, aflatoxin could inhibit phagocytosis ability of monocytes to Candida 
albicans (10). Marin and colleagues found a decrease in the immune response induced by 
Mycoplasma agalactiae in weanling piglets exposed to 280 ppb aflatoxins. The mRNA 
expressions of proinflammatory  IL-1β and TNF-α in aflatoxins treated weanling piglets (140 
and 280 ppb aflatoxins) were decreased (21).  
Several studies revealed that aflatoxins have more profound effect on cell mediated 
immune responses than humoral immunity (19); however, aflatoxin may reduce the efficiency of 
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vaccinations by decreasing humoral antibody responses to vaccines. This effect has been 
observed in poultry, rabbits, and dairy cattle. In a poultry study, aflatoxin reduced antibody titers 
to Newcastle disease, infectious bronchitis, and infectious bursal disease vaccines in the poultry 
treated with 200 ppb of  aflatoxin for less than 40 weeks (10). Furthermore, immunosuppressive 
activities induced by aflatoxin can be transferred across the porcine placentas. The offspring of 
pigs and rats treated with aflatoxin contaminated diet exhibited the reductions in humoral 
immune functions (10).  
1.3.1.2 Human studies 
Recently, a study found that aflatoxins reduced phagocytosis in normal human peripheral 
monocyte in vitro (10). A survey conducted in Gambia, where the population has the highest 
record of chronic exposure to aflatoxin, showed the reverse relationship between the saliva 
immunoglobulin (sIgA) and AFB1-albumin (AF-alb) adducts levels (22).  
Jiang et al. (2005) determined the relationship between cellular immune response and 
AF-alb adducts levels in 64 Ghanaians. They found that the individuals with high AFB1-albumin 
AF-alb adducts levels had higher levels of CD69+ activation biomarker (CD3+69+ and 
CD19+69+) than participants who had low levels of AF-alb adducts (23). CD69+ is the molecule 
which seems to be the earliest inducible cell surface glycoprotein acquired during lymphoid 
activation (24). These activated T cells and B cells, (CD3+69+ and CD19+69+), are important 
for the body to respond against infectious diseases and for the productions of antibody to 
vaccines. Also, the CD8+T cells which contained perforin or both perforin and granzyme A, 
used in a cell killing process, were found in a lower percentage in the Ghanaians who had high 
levels of AF-alb adducts (20).  However, the percentages of monocytes in peripheral blood are 
not affected by aflatoxins. Whereas, Jiang and colleagues found a non s ignificant reduction in 
human macrophage phagocytosis in individuals having high AF-alb adducts, this effect is more 
prominent in several animal studies (20). The difference in the amplitude of responses might 
suggest the existence of the species differences in the immunomodulating effect induced by 
aflatoxins.   
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1.3.1.3 Interaction between aflatoxin and human immunodeficiency virus (HIV) infection 
Recently, Jiang and colleagues reported an interaction between aflatoxin and acquired immune 
deficiency in Ghanaian population. One of the major findings from this study was that 
individuals with high AF-alb adducts (≥ 0.91 pmol/mg albumin) had lower percentages of CD4+ 
T regulatory cells and naïve CD4+ T cells and lower percentages of B-cells, compared with the 
HIV patients, who had low levels of AF-alb adducts (<0.91 pmol/mg albumin) (25). The 
interactions between aflatoxin and HIV infection, therefore, could exacerbate HIV status, 
accelerate progression to AIDS, and worsen quality of life. Williams et al. (2004) suggested that 
oxidative stress induced by aflatoxins could be an underlying interaction effect of aflatoxin and 
HIV, since oxidative stress increases HIV replication by direct effect or through the induction of 
infected leucocyte apoptosis(10).  
1.3.1.4 Mechanism  
The mechanism of immunosuppression-induced by mycotoxins is believed to be due to the 
inhibition of DNA, RNA, and protein syntheses. Aflatoxin may regulate the immune system 
through the modulation of cytokine production by a selective inhibition of certain mRNAs. 
Aflatoxins may inactivate some kinases, which inactivate genes coding for cytokines.  
AFB1 strikingly raised mRNA levels of major cytokines from macrophages, but 
suppressed the productions of their proteins. However, the same dose of AFB1 slightly reduced 
mRNA and protein syntheses of cytokines from lymphocyte (26). These findings suggested that 
aflatoxins have predominant effect on m acrophages and affect protein transcription and 
translation in macrophage (20).  
1.3.2 Growth impairments 
Children could be exposed to aflatoxins during their early lives. Initially after birth, if mothers 
consume diets contaminated with aflatoxin, the infants are exposed to the hydroxylated 
metabolite of aflatoxin, aflatoxin M1 (AFM1), through breast milk. Later, they gradually make 
the transition from breast milk to other sources of nutrients. This is a dynamic process, in which 
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the transition involving first the combination of breast milk and weaning food, then family food, 
will completely replace breast milk (27).  
According to Ghana survey in 1987, 58% of children had body weights below 80% of the 
National Center for Health Statistics (NCHS) weight-for-age, 8% were severely malnourished, 
and 52% were stunted. In Ondo State, Nigeria, a survey in 1986 revealed that 32% of children 
aged 6-36 months were stunted, 7% were wasted, and 28% were severely malnourished. A later 
national survey in 1990 showed that 43% and 22% of children were stunted and wasted, 
respectively (28).   
There has been a wealth of evidence from either laboratory or epidemiological studies 
suggesting an association between aflatoxin and growth performances, of aflatoxin exposure in 
children (see chapter 5). Moreover, in utero aflatoxin exposure is associated with infant’s low 
birth weights (29, 30), lower height at birth (31) and lower increases of the heights and weights 
of children within first year of life (32)  
1.3.2.1 Mechanism 
The mechanisms by which  of aflatoxin leads to stunted growth in children have yet to be 
understood. Several possible mechanisms have been proposed, including immune suppression 
and intestinal toxicity. In animal studies, aflatoxins cause immunosuppressive effects either in 
the cell mediated immune system or the humoral immune system. Nontheless, the reduction in 
sIgA, an important component in mucosal immunity, was found in aflatoxin exposed children 
(22). The impairment in mucosal immune response makes the intestinal epithelium vulnerable to 
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This study reviews available information on the economics and efficacy of aflatoxin risk-
reduction interventions, and provides an approach for analysis of the cost-effectiveness of public 
health interventions to reduce aflatoxin-induced human disease.  Many strategies have been 
developed to reduce aflatoxin or its adverse effects in the body.  However, a question that has 
been under-addressed is how likely these strategies will be adopted in the countries that need 
them most to improve public health.  This study evaluates two aspects crucial to adoption of new 
technologies and methods: the costs and the efficacy of different strategies.  First, we describe 
and categorize different aflatoxin risk-reduction strategies into preharvest, postharvest, dietary, 
and clinical settings.  Then we compile and discuss relevant data on the costs and efficacy of 
each strategy, in reducing either aflatoxin in food or its metabolites in the body.  In addition, we 
describe which crops are affected by each intervention, who is likely to pay for the control 
strategy, and who is likely to benefit.  A framework is described for how to evaluate cost-
effectiveness of strategies according to World Health Organization standards.  Finally, we 
discuss which strategies are likely to be cost-effective and helpful under different conditions 
worldwide of regulations, local produce and soil ecology, and potential health emergencies. 
2.2 INTRODUCTION 
Aflatoxins are secondary metabolites of the fungi Aspergillus flavus and A. parasiticus.  These 
species are prevalent in food crops – particularly maize, groundnuts, oilseeds, and tree nuts - in 
tropical and subtropical regions worldwide.  Factors that influence whether these fungi produce 
aflatoxin include drought stress and rainfall, adaptation of crop genotype for its climate, insect 
damage, and agricultural practices.    These fungi can also produce aflatoxin in postharvest 
conditions: storage, transportation, and food processing.  Maize and groundnuts are the major 
sources of human exposure (the number of exposed persons exceeding several billion) because 
of these foods’ high consumption rates worldwide and their susceptibility to aflatoxin 
contamination (6).   
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Aflatoxin B1 (AFB1), the most toxic aflatoxin, is the most potent naturally occurring 
chemical liver carcinogen known.  For people who are chronically infected with hepatitis B  
virus (HBV; common in China and Africa), aflatoxin consumption raises by up to thirty-fold the 
risk of hepatocellular carcinoma (HCC; liver cancer) compared with either exposure alone (33).  
Acute aflatoxicosis, characterized by hemorrhage, acute liver damage, edema, and death, can 
result from extremely high doses of aflatoxin.  In recent years, hundreds of aflatoxicosis cases in 
Africa have been associated with consumption of contaminated home-grown maize (34).  
Aflatoxin exposure is also associated with immunotoxicity in humans (10, 22, 23, 25) , and with 
stunted growth in children (32, 35, 36).  
To limit aflatoxin exposure, over 100 na tions worldwide have set maximum tolerated 
levels (MTLs) of aflatoxin in food (19).  These standards offer public health protection in 
industrialized nations, but arguably have little effect in less developed countries (LDCs), for 
several reasons.  First, the food consumed from subsistence farms, which are widespread in 
LDCs, rarely enters any sort of regulatory inspection for aflatoxin (6, 10).  Second, even if this 
food did meet the MTLs for aflatoxin, many people in LDCs consume such high levels of maize 
and groundnut products that their daily aflatoxin exposure would still render them vulnerable to 
disease (37).  Third, LDCs that attempt to export maize and nuts abroad may find their export 
markets severely jeopardized by strict aflatoxin standards, resulting in potential countervailing 
risks of exporting the best foods and keeping the worst domestically (38). 
Hence, it is estimated that about 5 bi llion people worldwide suffer from uncontrolled 
exposure to aflatoxin (6).  Aflatoxin-associated health effects pervade sub-Saharan Africa and 
East Asia. These effects could be mitigated through effective use of current agricultural 
knowledge and public health practice. The discussion of this problem and its remedies must 
include the underlying question of food insufficiency and more general economic challenges in 
developing countries (6). 
Several interventions to reduce and prevent aflatoxin toxicity have been developed.  
These range from aflatoxin control methods in agricultural practice through chemopreventive 
dietary constituents to vaccination against HBV. Agricultural interventions to reduce aflatoxin 
could be done either in preharvest (field) or postharvest (drying, storage, transportation, etc.) 
conditions.  Meanwhile, there is growing research interest in using certain substances available 
in foods and natural products to reduce aflatoxin’s adverse impacts in the body.  By binding 
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aflatoxin in the gastrointestinal tract, or inducing enzymes involved in aflatoxin metabolism 
pathways, several substances can reduce aflatoxin bioavailability in humans.  The HBV vaccine 
neither reduces aflatoxin levels in food nor reduces aflatoxin’s bioavailability in the body; 
however, it reduces aflatoxin-induced liver cancer by greatly reducing the risk of chronic HBV 
infection, thereby preventing the synergistic impact of HBV and aflatoxin in HCC pathogenesis. 
Understanding the costs and efficacy of different aflatoxin control interventions can help 
decision makers–be they government policymakers or farmers or consumers–to optimally 
allocate resources, particularly in conditions of scarcity. Wu et al. (2008) presented three case 
studies for cost-effectiveness of aflatoxin control in the United States: two biocontrol agents 
(Afla–GuardTM in groundnuts and AF36 in cottonseed) and a transgenic crop (Bt maize) (39).  
However, this assessment was limited to the US, and may not have equal applicability 
worldwide.  This study reviews the available data on costs and effectiveness for interventions 
that could be used to control aflatoxin from a global perspective.   
Table 2-1 shows the factors that we include in our analysis.  First, we are interested in 
whether the intervention is agricultural (methods that take place in the field or postharvest 
settings), dietary (supplements or processing or natural constituents in food), or clinical (HBV 
vaccination).  This gives us information about who needs to implement the intervention, and how 
often and in what context it needs to be done.  Second, we are interested in whether the 
intervention in question reduces aflatoxin concentrations in food, or whether it reduces 
bioavailability of aflatoxin or its metabolites in the body.  This provides useful information on 
the nature of the intervention and whether the intervention can potentially reduce health impacts, 
trade losses, or both.  Third, we are interested in how much the intervention costs, and how 
effective it is.  These are obviously the main factors in a cost-effectiveness assessment.  Finally, 
we are interested in who pays for the intervention (e.g., growers, consumers, or local / national 




Table 2-1. Factors included in cost-effectiveness analysis of public health interventions to reduce aflatoxin 
and its related illnesses. 
Factor Categories Rationale 





To understand how many people, and 
what group of people, must 
implement the intervention; and 
under what conditions 
What the intervention 
reduces 
• Aflatoxin levels in food 
• Bioavailability of aflatoxin 
and its metabolites in body 
To determine whether the 
intervention reduces adverse health 





• % reduction of aflatoxin or 
bioavailability of aflatoxin / 
metabolites 
To determine the economic factors 
underlying each intervention: costs 
vs. potential benefits 
Stakeholder involvement • Who pays for the 
intervention 
• Who benefits from the 
intervention 
To understand if the appropriate 
economic and health incentives exist 
for people to adopt the intervention 
2.2.1 Preharvest interventions  
Because most aflatoxin problems begin and develop in the field, strategies are needed to prevent 
infection of growing plants by toxigenic fungi.  Developing genetic resistance to Aspergilli in 
maize and groundnuts is a high priority (40, 41).  Worldwide, the advantages of using resistant 
plant genotypes include direct health and economic benefits, the lack of impact on crops or the 
environment, and the ability to use these genotypes in combination with other aflatoxin control 
strategies (42).  
A number of resistant inbred maize lines have been indentified, including MI82 (43), 
Mp420, Mp313E, and GT-MAS:gk (44).  Sources of resistance to each of these pathogens have 
been identified and have been incorporated into public and private breeding programs, and have 
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been extended to include germplasm lines from Africa (42, 45). Potential biochemical and 
genetic resistance markers have been identified in crops, particularly in maize, which are being 
utilized as selectable markers in breeding for resistance to aflatoxin contamination (40).  Several 
proteins associated with resistance (RAPs) include, but are not limited to, globulin-2 proteins, 
late embryogenesis abundant proteins (LEA3 and LEA14), a stress-related peroxiredoxin 
antioxidant (PER1), heat-shock proteins (HSP17.2), a cold-regulated protein (COR), and an 
antifungal trypsin-inhibitor protein (TI) (46).  Now that the sequencing of the A. flavus genome 
has been completed, and genes that potentially encode for enzymes involved in aflatoxin 
production have been identified, genomics as a tool for combating aflatoxin biosynthesis has 
gained much ground (47-49).   
The development of groundnut cultivars with resistance to preharvest aflatoxin 
contamination has also yielded promising results.  S creening techniques have been developed 
that can measure genetic differences in susceptibility to aflatoxin contamination, and these 
techniques have been used to identify multiple accessions that have shown significant aflatoxin 
reduction in multiple environments.  Groundnut genotypes with drought resistance have also 
shown aflatoxin reduction (50, 51).  Aflatoxin resistant genotypes have been developed in other 
parts of the world, and have shown success in aflatoxin reduction (52).  
Transgenic (genetically modified) crops may also play a role in reduction of preharvest 
aflatoxin accumulation. Insect damage is one factor that predisposes maize to mycotoxin 
contamination, because insect herbivory creates kernel wounds that encourage fungal 
colonization, and insects themselves serve as vectors of fungal spores (53, 54). Bt maize is one 
of the most commonly grown transgenic crops in the world today. It contains a gene from the 
soil bacterium Bacillus thuringiensis (hence the name Bt), which encodes for crystalline proteins 
that are toxic to certain members of the insect order Lepidoptera (reviewed by Wu 2007).  Earlier 
Bt events showed only mixed success in controlling aflatoxin (55), as they provide insect 
protection primarily against European corn borer and Southwestern corn borer, as opposed to the 
insects that have been associated with aflatoxin contamination: fall armyworm and maize 
earworm.  However, a new Bt event that has just become available commercially and provides 
enhanced protection against these insects has shown promise in significantly reducing aflatoxin 
in field trials (56). In addition to Bt maize, prototypes of genetically engineered crops have been 
developed that contain genes encoding fungal growth inhibitors for reducing fungal infection. 
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Gene clusters housing the genes governing formation of aflatoxin have been elucidated and are 
being targeted in strategies to interrupt its biosynthesis (40). 
Biocontrol of aflatoxin refers to the use of organisms to reduce the incidence of 
Aspergilli in susceptible crops, so as to reduce aflatoxin contamination.  The most widely used 
biocontrol method employs atoxigenic strains of Aspergilli that can competitively exclude 
toxigenic strains from colonizing crops. These biocontrol methods have been used in maize, 
groundnuts, and cottonseed worldwide (57-62).  Importantly, atoxigenic A. flavus strains have 
been found in sub-Saharan Africa, which show promise for controlling aflatoxin in African 
maize (59, 62).  Biocontrol methods, though applied in the field, can result in reduced aflatoxin 
in crops for as long as six months postharvest (Dr. Ranajit Bandyopadhyay, personal 
communication). 
Cultural practices, including crop rotation, tillage, planting date, and management of 
irrigation and fertilization, can also help to prevent Aspergillus infection and subsequent 
aflatoxin accumulation by reducing plant stress.  These practices can have important effects on 
infection and subsequent mycotoxin accumulation (41).  Ultimately, a combination of preharvest 
strategies, as described above, may be needed to adequately prevent mycotoxin contamination in 
the field (40).  
2.2.2 Postharvest interventions 
Current food storage and processing practices in industrial nations can prevent postharvest 
development of mycotoxins, but postharvest aflatoxin accumulation remains a threat in less 
developed countries (LDCs), especially in tropical areas.  Hence, knowledge of the key critical 
control points during harvesting, drying and storage stages in the cereal production chain are 
essential in developing effective prevention strategies post-harvest (63).  Possible intervention 
strategies include good agricultural and storage practices, such as early harvesting, proper 
drying, sanitation, proper storage, and insect management, among others (64).  This is true not 
just for maize and groundnuts (the major sources of aflatoxin exposure for humans), but also for 
tree nuts such as pistachios, where there have been dramatic improvements in aflatoxin reduction 
in Iran due to improved drying and storage conditions over the past decade (65). 
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Removing existing aflatoxin contamination is possible by sorting aflatoxin-contaminated 
kernels from relatively cleaner ones. This can be done by either simple physical (e.g., 
handsorting) or flotation and density segregation methods. Sorting by these types of methods has 
been shown to significantly decrease aflatoxin levels in postharvest maize (66).  
After sorting, there are several methods to prevent the growth of Aspergilli and hence 
reduce aflatoxin contamination postharvest. These include control of moisture levels in stored 
crops, temperature, and insect pests and rodents (66). 
Combinations of these methods to reduce postharvest aflatoxin have been tested for 
efficacy in actual rural village conditions.  Turner et al. (2005) describe a postharvest 
intervention package to reduce aflatoxin in groundnuts, tested in Guinea.  The package consisted 
of six components: education on  hand-sorting nuts, natural-fiber mats for drying the nuts, 
education on proper sun drying, natural-fiber bags for storage, wooden pallets on which to store 
bags, and insecticides applied on the floor of the storage facility under the wooden pallets (67). 
In industrial nations, drying with forced air and supplemental heat is common to control 
moisture levels in crops. At 70°C, A. flavus infection in maize is significantly reduced compared 
to that in the maize dried at 40°C. But this method can potentially reduce seed germination and 
increase stress cracks (68). 
Chemical methods can detoxify aflatoxins by reduction, destruction, or inactivation.  
These methods include ammoniation, acid treatment, oxidizing agents, and reducing agents; and 
are reviewed in-depth in Kabak et al. (2006).  There are several issues and risks associated with 
these methods: it is  difficult to detoxify the aflatoxin without reducing nutritive value and 
palatability; parameters such as reaction time, temperature, and moisture must be monitored; 
some necessary additional cleaning treatments can be expensive and time-consuming, and toxic 
byproducts may be produced.   
2.2.3 Dietary and food processing interventions 
A variety of dietary interventions can reduce aflatoxin-related health risks.  One simple dietary 
intervention, where feasible, is to consume less maize and groundnuts, in favor of other food 
crops that have significantly lower aflatoxin contamination, such as sorghum and pearl millet 
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(69).  Where it is not easy to make such a dietary shift, however (e.g., where maize and 
groundnuts have traditionally been staples), other dietary interventions may prove helpful. 
One class of dietary interventions involves adsorption of aflatoxin.  A dsorbent 
compounds can be included in food or feed or taken separately during mealtimes to bind 
aflatoxin in the gastrointestinal (GI) tract, resulting in reduced aflatoxin bioavailability.  Several 
materials have varying degrees of this ability to bind aflatoxin, including bentonites, zeolites, 
diatomaceous earth, activated charcoal, and fibers from plant sources. One material that has 
proven effective in animal feed and is showing promise in human trials is calcium 
montmorillonite, marketed as NovaSil clay (NS).  NS has been shown to prevent aflatoxicosis in 
many animal species when included in their diet, by binding aflatoxin with high affinity and high 
capacity in the GI tract (70). NS has been shown to reduce  aflatoxin toxicity on body and organ 
weights, feed intake, and hepatic vitamin A when tested in broiler chicks. No toxicity has been 
found in a dose as high as 0.5% w/w in the diet (71). Phase I (72) and Phase II (73) clinical trials 
confirm the safety of NS for use in human food, and provide assurance that NS does not bind 
with vitamin A and E, thereby does not result in elimination of these nutrients.   
Green tea polyphenols (GTPs) have been shown to inhibit chemically-induced cancers in 
animal and epidemiological studies (70, 74).  GTPs inhibit initiation of aflatoxin-induced HCC 
in rats by modulating aflatoxin metabolism (75); and in humans, there are inverse associations 
between green tea consumption and cancer risk (76).   
Chlorophyllin, a derivative of chlorophyll, is a natural constituent of green vegetables in 
the human diet that has shown anticarcinogenic effects in animals (77).  Chlorophyllin appears to 
protect against aflatoxin by sequestering aflatoxin during the digestive process and hence 
impeding aflatoxin’s absorption.  In addition, chlorophyllin may have enzyme-inducing 
properties that contribute to its mechanism of detoxification (74, 78). Aside from binding 
aflatoxin, chlorophyllin is capable of binding certain carcinogenic substances, such as polycyclic 
aromatic hydrocarbon (PAH), heterocyclic amines, and other hydrophobic molecules (79). 
Moreover, other modes of action of chlorophyllin, such as scavenging free radicals (80), 
inducing  apoptosis in cancer cells (81), inducing cell-cycle arrest, and  altering markers of cell 
differentiation (82), have been proposed for its protective effects against DNA damage and colon 
cancer. Side effects of chlorophyllin are rare, but may include diarrhea and discoloration in urine 
and feces (83). 
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A variety of substances have the potential to reduce aflatoxin-induced HCC by inducing 
enzymes, such as glutathione-S-transferases (GSTs), that mediate conjugation of the reactive 
intermediate aflatoxin-8,9-epoxide. Genetic differences exist in the extent to which aflatoxin in 
the diet is biotransformed into this harmful epoxide; therefore, agents that induce GSTs have 
varying effectiveness among individuals. Dithiolethiones (oltipraz) and sulforaphane have this 
ability, and may also inhibit HBV transcription through elevation of p53 tumor suppressor genes 
(84). Oltipraz is an antischistosomal drug; while the precursors to sulforaphane, glucosinolates, 
can be found in cruciferous vegetables such as broccoli (74, 85, 86).   
There is increasing evidence that some lactic acid bacteria have the ability to bind 
aflatoxin B1 (87-89). These bacteria are important in the fermentation of many foods, including 
vegetables, fruits, and dairy products. The main purpose of Lactobacillus inclusion in food has 
typically been fermentation, not the prevention of aflatoxin risk.  Hence, inclusion of culturally 
appropriate fermented foods in the diet may be a feasible method of partially reducing aflatoxin 
risk.   Other methods of food processing have moderate ability to reduce aflatoxin and other 
mycotoxins (90), such as extrusion processing at temperatures greater than 150°C.   
2.2.4 Hepatitis B vaccination 
A regular practice now in the US and other developed nations, HBV vaccination in children is 
still rare in many parts of the world.  Vaccinating children against HBV has been shown, over 
the last three decades, to significantly decrease HBV infection in several regions including 
Europe (91, 92), Taiwan (93), and Thailand (94).  This vaccine has already had, and will 
continue to have, significant impacts on liver cancer incidence, particularly in Africa and East 
Asia, considering that roughly 65 million out of 360  million individuals who are chronically 
infected live in Africa (95).  Though the vaccine itself has no impact on actual aflatoxin levels in 
diets, it  reduces aflatoxin-induced HCC by lowering HBV risk, thereby preventing the 
synergistic impact of HBV and aflatoxin in inducing liver cancer. However, other health effects 
of aflatoxin such as retardation of growth and immunomodulation are not altered by HBV 
vaccination.  Moreover, those who already have chronic HBV infection would not benefit from 
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the vaccine, which is why it is very important for this vulnerable subpopulation to avoid 
aflatoxin exposure as much as possible. 
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Table 2-2. Costs and efficacy of agricultural interventions to reduce aflatoxin and its adverse health effects. 
  Efficacy    
 Intervention Aflatoxin reductiona Aflatoxin 
adduct reduction 











93% [G] (50, 52) 
– Research & development costs; no 





Transgenic: 47% in Bt 
maize (56) 






60–87% [M] (58) – $10–$12/ha ($4–$5/acre; Dr. 
Ranajit Bandyopadhyay, personal 
communication) 
¢0.52 –¢0.63/kg (Nigeria) 
Growers Growers, 
Consumers 














Table 2-2 (continued) 
  Efficacy    
 Intervention Aflatoxin reductiona Aflatoxin 
adduct reduction 
Cost Who pays Who benefits 
 Irrigation+ 
insecticide  
99% [M] (98) – $1,100–$1,300/acre to install 
irrigation (99)  
Drip-Micro Irrigation System 
$960–1,770 / acre  for the drip on 
orchard (surface) irrigation system 
(CI) 
$1,300–2,250/acre for the drip on 
orchard (buried)  irrigation system 
(CI) 
$640–1,600/acre (CI)  + $240–480 
(AC for hose replacement cost) for 
the above ground row crop drip 
system 
$ 1,440–4,010/acre for  permanent 
installation cost of subsurface row 





    Sprinkler Irrigation System 




Table 2-2 (continued) 
  Efficacy    
 Intervention Aflatoxin reductiona Aflatoxin 
adduct reduction 
Cost Who pays Who benefits 
    Surface Irrigation System 
$400–810/acre (CI) + $220/acre 
(AC) for the siphon tube 
$210–420/acre (CI) + $170/acre 
(AC) for the gated pipe 
$600–1,200/acre (CI) + $250 (AC) 
for the surge flow 
$340–680/acre (CI ) + $190 (AC) 









69% [G] (67) 57.2% lower aflatoxin 
albumin  adducts in 
humans 
$61 per household for several 
years [bags and wooden pallets 





  4.5 cents per bushel (M) (103) Growers Consumers 




Table 2-3. Costs and efficacy of dietary and clinical interventions to reduce aflatoxin’s adverse health effects. 










58.7% lower AFM1; 
~25% lower Aflatoxin 
albumin adducts in 
humans (104) 
– $0.73 per  person per year  b ased on 3-g 
daily dose clay preparation  (Dr.  Timothy 








~ 43% lower AFM1 in 
humans; > 15% lower 
aflatoxin  a lbumin 
adducts at 500 mg 
dose (105); 
20–30%  lower AFB1–
DNA adduct in rats 
(75) 
Up to 70% lower 
hepatic preneoplastic 
lesions in rats (75) 
$0.20 − $1 per day 





Chlorophyllin 55% lower AFB1-N
7-
Guanine in humans 
(78) 




Oltipraz 51% lower AFM1 [500 
mg weekly], 2.6-fold 
increase in aflatoxin 
B1 mercapturic-acid 
excretion [125 mg 
daily] (109) 
42% lower HCC 
incidence in F344 rats 
(110)  
$ 59, $ 236 / per 5 and 25 mg (111) 
[Note: these are costs for analytical grade 





Table 2-3 (continued) 




 Sulforaphane   









N7-Guanine  (85)  
– $24.80 for 30 capsules  
(0.21% of sulforaphane  in 250 mg) 
(amazon.com); 
If consuming broccoli sprouts or sprouts 







– 84–95% HBV reduction 








   Note: ** All cost data are converted to USD 2009 values 
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2.2.5 Costs and efficacy of preharvest interventions 
Breeding aflatoxin resistance into crops requires upfront research and development funds in and 
between various nations, depending on w here the seed will be deployed.  H owever, once the 
resistant strains of crops are bred, the seed need not be significantly more expensive to farmers 
than existing genotypes.  Efficacy in reducing aflatoxin has been shown to be as high as 90–98% 
in resistant maize varieties developed and tested in the US (116). Groundnuts bred for aflatoxin 
resistance in the US achieved at least a 70% reduction in preharvest aflatoxin contamination in 
multiple environments (50). Similarly, naturally aflatoxin-resistant lines in India had 
significantly lower aflatoxin levels compared with susceptible lines and produced higher pod 
yield (52).  These efficacies do not necessarily apply to maize- and groundnut-producing regions 
outside the US and India, but demonstrate what the breeding technologies have the potential to 
achieve.  A  caution with interpreting these differences in aflatoxin levels is that one should 
distinguish between naturally resistant vs. specifically bred lines in terms of aflatoxin reduction. 
Importantly, drought stress is a critical factor for preharvest aflatoxin contamination in 
groundnuts and maize. In years when drought stress is not critical, even susceptible lines of 
groundnuts are less likely to be contaminated by aflatoxin. Now breeding efforts are focused in 
releasing lines with the specific aflatoxin-resistant attribute rather than improving on 
serendipitous levels found in natural lines. 
Transgenic maize varieties will likely incur a greater cost to growers; however, the cost 
of transgenic seed is lower in LDCs because biotechnology companies are providing free 
intellectual property there.  In the US, Bt maize seed costs about $21 per acre more than 
conventional maize seed (39); the cost would be significantly lower in LDCs.  Field trials of new 
Bt maize events in the US, which are effective against the insect pests that predispose maize to 
Aspergillus infection, show a 47% reduction in aflatoxin compared with non-Bt isolines (56).    
The costs of biocontrol vary depending on t he product and the locale.  In the United 
States, the per acre cost of applying AF36 to control aflatoxin in cottonseed ranges from $6–$16 
per acre, and achieves 70–90% aflatoxin reduction compared with cottonseed from untreated 
fields (39, 97).  Afla-GuardTM applied to groundnuts costs about $17–$32 per acre (39), with 70–
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91% aflatoxin reduction compared with untreated groundnuts (96). Because of the local strain-
specific response and to avoid introducing foreign Aspergilli, it is important to identify local 
atoxigenic strains that potentially competitively exclude toxigenic strains.  Biocontrol studies in 
Nigerian maize using local atoxigenic strains of A. flavus have shown efficacy levels at as high 
as 90%, with a cost of about $10–$12 per hectare: $4.04–$4.86 per acre (Dr. Ranajit 
Bandyopadhyay, personal communication). 
Though the cost per unit area provides useful information for policy makers and growers 
to determine total cost for applying biocontrol to a specific area, the cost of biocontrol per 
consumption unit helps policy makers and growers to roughly screen whether biocontrol is 
economic feasible. To convert the cost data to consumption unit, we obtained production yields 
per unit area (117) and divided by the per unit area cost. In the U.S., predicted groundnuts 
production in 2009 (based on 2003–2007 FAOSTAT database) is about 3,300 kg per hectare, or 
8,200 kg per acre, hence Afla-GuardTM costs 0.21–0.39 cents per kilogram of groundnuts. The 
cost of biocontrol per kilogram of maize in Nigeria ranges from 0.52 cents to 0.63 cents, based 
on the predicted maize yield in 2009 of 1,900 kg/ha. 
A combination of irrigation systems and insecticide applications can reduce aflatoxin 
levels by 99% in maize, compared with non-irrigated, non-treated maize in the US (98). 
However, this combined intervention might be costly in LDCs where irrigation systems have yet 
to be installed widely. The cost of insecticide varies widely, depending on t he locale and the 
chemical.  
Methods for irrigation vary greatly from a simple method using watering-cans or buckets 
to complicated methods that require complex equipment and maintenance. In the US, the initial 
cost of drip- and micro-irrigation systems ranges from US $ 640 t o $4,000 per acre, depending 
on the type; e.g. surface, buried or sub-surface drip systems (100). The capital cost per acre of 
sprinkler irrigation systems ranges from US $740–$940. The cost for ownership (depreciation, 
insurance, and interest) and operating per year is about US$ 130–$170 per acre (101). 
Compared to sprinkler methods, surface irrigation systems, in general, need lower energy 
and capital requirements, but this method has disadvantages: higher labor requirements, lower 
water efficiency and potential soil erosion. The costs of four types of surface irrigation systems, 
including the siphon tube, the gated pipe, the surge flow, and the cablegation pipe have been 
estimated for 20 acres at $220, $170, $250, and $190, respectively (102). The estimated cost for 
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irrigation system installation is about $1,100–1,300 per acre (99), but if traditional crop-watering 
methods are used, the cost is much lower (and efficacy is perhaps also lower).      
2.2.6 Costs and efficacy of postharvest interventions 
Aflatoxin control can also be achieved by sorting, proper drying of food, and suitable storage 
conditions. Mechanical blanching and sorting of groundnuts in the US has the ability to almost 
completely eliminate aflatoxin, and the blanching and sorting each cost about $150–$170 per ton 
(118). In LDCs, it is far less common to have blanching and sorting machines, so most sorting of 
groundnuts is done by hand. The cost in terms of lost product varies enormously, depending on 
aflatoxin levels in any given harvest. Even the efficacy of sorting may vary, depending on how 
well farmers can identify aflatoxin-contaminated nuts – hence, the importance of education and 
outreach to farmers on aflatoxin contamination and its identification.  However, time-related 
costs should also be taken into account. It is estimated that one farmer would require an entire 
day to hand-sort 40–50 kg groundnuts (Dr. Jonathan Williams, personal communication). 
Turner et al.’s (2005) postharvest intervention package reduced aflatoxin levels in 
groundnuts by 69% compared with control groundnuts.  Moreover, mean serum aflatoxin 
albumin adducts in villagers adopting this package was 57.2% lowered than that of the control 
villagers five months after harvest. While the initial cost of this package was about $50 per 
household in 2005 to improve the storage condition of 25 groundnut bags, many components of 
the package last for several years (e.g., the wooden drying pallets, storage bags, and insecticide) 
(67).  
The cost of artificial drying to reduce aflatoxin depends on t he costs of fuel and 
electricity, and the differences of moisture content (MC) in harvested crops and the required 
levels. Reducing one point of moisture from a bushel of maize (25.40 kg) costs about 4.5 cents 
(103). Whether they choose to dry their product using natural or artificial drying method, 
growers in developed countries, somehow, have to “pay” for excess moisture left in their grains. 
Increase in field loss due to stalk lodging, insect and spreading of ear molds often happens with 
field drying method. Grain storage operators charge growers about 11–12 cents per point (MC) 
per bushel (103) for drying grain delivered too wet. 
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One chemical treatment option, ozonation, costs only $5 per ton (119). Although ozonation can 
completely degrade AFB1 at high moisture and temperature for 2 hours, animals fed with the 
treated cottonseed and peanut meal had lower protein efficiency ratios than those fed the 
aflatoxin-contaminated meal, indicating that ozonation might degrade essential nutrients or 
produce new toxins (119). 
2.2.7 Cost-effectiveness of dietary aflatoxin risk reduction strategies 
Dietary interventions do not directly reduce aflatoxin in food, so aflatoxin biomarkers are the 
important intermediate endpoints to measure the efficacies of diet against aflatoxins’ toxicities. 
Several metabolites of AFB1 and aflatoxin macromolecular adducts are currently used as 
biomarkers of aflatoxin exposure. The most commonly used biomarkers for recent (short-term) 
aflatoxin exposure are urinary aflatoxin M1 (AFM1), and aflatoxin DNA adducts. AFM1, secreted 
in urine and breastmilk, is an oxidative metabolite of AFB1. Levels of AFM1 reflect aflatoxin 
exposure in the past 24 to 48 hours.  In humans, it is estimated that about 0.2% of AFB1 is 
excreted as AFB1-N
7-Guanine (120). Twenty-four hour excretions of aflatoxin B1-DNA adduct 
at N7 of guanine (AFB1-N
7-Gua) in urine following aflatoxin exposure in rats have shown to be 
linearly correlated with aflatoxin exposure. AFB1-N
7-Gua, aside from being a biomarker for 
aflatoxin exposure in more short-term time scales (over the last day), reflects DNA damage that 
can in the long term increase risk of developing HCC (121). It is noteworthy that high variations 
of the short-term aflatoxin biomarkers, which may reflect the heterogeneity of contamination, 
have been reported (104, 105). An increased excretion of urinary aflatoxin mercapturic acid 
(AFB1-NAC), a phase 2 AFB1 metabolite, is reported in a study of oltipraz, which is believed to 
induce phase 2 enzyme metabolism (109). 
Unlike urinary AFM1 and AFB1-N
7-Gua, albumin adducts of aflatoxin provide integrated 
levels of aflatoxin exposure over a period of months because of the relatively long turnover 
period of albumin (the half-life of albumin is approximately 20 da ys in healthy individuals). 
Though the longer period (e.g., years) of aflatoxin albumin adducts  in body is also proposed 
(104).   The level of aflatoxin albumin adducts  in maternal blood has been associated with 
decreased height and weight gain during the first year of life (32).  
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Aside from the aforementioned biomarkers, radiolabeled aflatoxin B1 has been used as 
markers in several in vitro and in vivo aflatoxin studies (122-124). The results from a ch icken 
study, in which carbon-14 (14C) radiolabeled aflatoxin was used as a marker, showed that with 
NovaSil doses of 0.5%, bioavailability of aflatoxin in the blood and liver were  5.3% and 14.6% , 
respectively, compared to those  in the control group (124). Aflatoxin-albumin adducts in both 
low-dose and high-dose NovaSil intervention arms – when administered in capsules three times 
daily – were significantly lower than those in the control arm after 3 months, with a roughly 25% 
reduction: 0.89–0.90 pmol mg-1 vs. 1.20. A 58.7% reduction in AFM1 was also observed in the 
high-dose arm three months into the study (104).  Adding 4.5 kg of calcium montmorillonite clay 
to a ton of animal feedstuffs costs $2–$6 (125).  Texas Enterosorbent, Inc. has developed a new 
related product intended for future human use: calcium aluminosilicate/uniform particle size 
NovaSil (CAS/UPSN). This new product would cost about 18 cents per 3-gram daily dose (Dr. 
Robert Carpenter, personal communication). If NovaSil were blended into food, such as maize 
meal, the cost could be decreased and the efficacy might be increased, depending on dose. As 
such, the cost could be as low as $0.73 per person per year (Dr. Timothy Phillips, personal 
communication). 
Green tea polyphenols (GTPs) appeared to inhibit aflatoxin-induced initiation of HCC in 
rats, with 20–25% lower AFB1-DNA adducts compared with rats in a control group (75). In a 
human study in China, subjects in an intervention group receiving 500 mg daily GTP had 13% 
lower aflatoxin-albumin adduct levels after 3 m onths, compared with the placebo group; but 
there was no s ignificant difference in albumin adduct levels between the placebo group and a 
group that received 1000 mg daily GTP.  There was, however, about a 43% lower AFM1 level in 
both GTP intervention groups compared with the control group (105). There were no significant 
differences between the groups after 1 month.  The cost of GTPs ranges enormously depending 
on how it is administered: in the form of green tea, or in capsules.  For tea that can be purchased 
in retail outlets, costs range from $0.20–$1.00 per day (106-108), providing a range of GTPs 
from 710–900 mg.   
In a randomized, double-blind, placebo-controlled trial in China, subjects who consumed 
chlorophyllin in each meal for 4 m onths showed 55% lower aflatoxin-N7-guanine adducts 
compared with subjects in the control arm (78). The cost of chlorophyllin is comparable to that 
of NovaSil: about $0.10 per daily dose (Dr. Thomas Kensler, personal communication). 
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Oltipraz administered in different schedules at different doses results in varied changes in 
aflatoxin biomarkers, indicating alterations in both Phase 1 and 2 metabolism of aflatoxin.  In a 
human intervention group in China, one month of 500 mg oltipraz administered weekly resulted 
in 51% lower AFM1 (phase 1 metabolite) levels compared with a placebo group, but no 
difference in aflatoxin-mercapturic acid (phase 2 metabolite) levels was found.  Lower doses of 
oltipraz (125 mg) administered daily resulted in a 2.6-fold increase in aflatoxin-mercapturic acid 
excretion, but no difference in AFM1 (109).  In a study involving rats administered high aflatoxin 
doses for 5 weeks, those given oltipraz during each week achieved a 42% reduction in HCC risk 
(110).  No cost information is available on pharmaceutical-grade oltipraz; the cost for analytical-
grade oltipraz is $59 per 5-mg sample and $236 per 25-mg sample (111).  Though oltipraz can 
reduce aflatoxin bioavailability via several mechanisms, its cost makes it a n economically 
impractical intervention. Second- and third-generation dithiolethiones are less expensive and 
more potent than oltipraz (126), but further studies on their potential side effects are needed.   
Sulforaphane administration did not result in significant reductions in aflatoxin-N7-
guanine in two human intervention groups in China (high dose and very low dose), but 
interindividual variation in bioavailability was high.  An inverse association was found between 
urinary levels of dithiocarbamates (sulforaphane metabolites) and aflatoxin-DNA adducts (85).  
Thirty sulforaphane capsules cost $25 ( 0.21% sulforaphane in 250 m g) (amazon.com).  If 
consuming broccoli sprouts or a tea from these sprouts, a dose of 385-gram sprouts containing 
over 400 µmol glucoraphanin (to be metabolized to sulforaphane) costs about $0.31. 
2.2.8 Costs and efficacy of hepatitis B vaccination 
Because of the massive production of hepatitis B vaccines through improved biotechnologies, 
second-generation HBV vaccines’ costs are much cheaper than the costs of the first generation 
vaccines. The vaccine’s efficacies against HBV infection and chronic HBsAg carriage were 84–
95% and 94–95%, respectively (112, 113).  It is estimated that 53% of global HCC cases are 
attributable to HBV (114); therefore, we assume in table 2-3 that the corresponding reduction of 
HCC risk due to HBV vaccination ranges from 45–50%.  Currently a dose of HBV vaccine costs 
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less than US $1 (127).  It is estimated that HBV vaccination costs $910 for every death averted 
and $23 for every disability-adjusted life year (DALY) averted (115). 
Currently available vaccines for HBV are multivalent vaccines. One of them is a 
pentavalent vaccine, in which HBV vaccine is combined with vaccines for diphtheria, tetanus, 
pertussis, and Haemophilus influenzae b (Hib). The five-in-one vaccine is believed to provide 
economic advantages over multiple immunizations of each monovalent preparation (128). The 
cost of the pentavalent vaccine is expected to drop to $2.94 per dose in 2010, 50 cents less than 
its cost in 2009 (129). Moreover, one of the major benefits of pentavalent vaccine; particularly in 
less developed countries where there is often a scarcity of health care personnel, is that the 
pentavalent vaccine reduces the total amount of time healthcare personnel spend to immunize 
children (128).    
2.3 HOW TO ANALYZE COST-EFFECTIVENESS OF INTERVENTIONS 
The World Health Organization (WHO) Commission for Macroeconomics and Health (130) 
provides the following guideline for thresholds of cost-effectiveness, as outlined in Wu and 
Khlangwiset (2010):  
(1) An intervention is considered very cost-effective, if the monetary amount spent on the 
intervention per DALY averted is less than the per capita gross domestic product (GDP) 
for the nation in which the intervention is applied.  In other words, the total cost of the 
intervention should be less than the product of the GDP and total DALYs averted.   
(2) An intervention is considered moderately cost-effective, if the monetary amount spent on 
the intervention per DALY averted is less than three times the per capita GDP.   
(3) An intervention is not cost-effective if, per DALY averted, its cost is greater than three 
times the per capita GDP. 
The disability-adjusted life year (DALY) is a measure of the burden of disease.  It 
includes both potential years of life lost due to premature death and years of “healthy” life lost in 
states of less than full health, broadly termed disability (131). The total number of DALYs 
associated with a disease is the sum of the years of life lost due to mortality from the disease 
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(YLL) and the number of years lived with a disability multiplied by a weighting factor between 0 
and 1, depending on the severity of the disability (YLD):  
 
𝐷𝐴𝐿𝑌 =  𝑌𝐿𝐿 + 𝑌𝐿𝐷 
Equation 1 Disability adjusted life year (DALY) 
 
Wu and Khlangwiset (2010) estimate the cost-effectiveness of two aflatoxin control 
methods – biocontrol and postharvest drying and storage methods – in sub-Saharan Africa.  By 
assuming a  decrease in aflatoxin-induced HCC that is proportional to decreases in aflatoxin 
levels in maize preharvest and postharvest (for biocontrol) and aflatoxin-albumin adducts (for the 
postharvest intervention package), cost-effectiveness ratios (effectiveness in saving lives from 
cancer divided by cost of intervention) of 5.10–24.8 for biocontrol and 0.21–2.08 for the 
postharvest intervention package were estimated.  Interventions whose cost-effectiveness ratios 
are greater than 1 can be deemed “very cost-effective” by WHO standards. These calculated 
ratios are actually underestimates of cost-effectiveness, because there are benefits to reducing 
aflatoxin other than decreasing liver cancer risk; there are benefits of improved immunity and 
reduced risk of stunting in children. 
The cost information is usually presented in varying formats depending on t he 
intervention in question; so cost-effectiveness analyses must be flexible, and care must be taken, 
to ensure that appropriate units are compared.  For example, Wu and Khlangwiset (2010) started 
with cost data on bi ocontrol and postharvest intervention packages in two different formats: 
Biocontrol cost was given as a monetary amount per hectare treated, while the postharvest 
intervention package cost was given as a monetary amount to store 500–1,250 kg of groundnuts.  
To convert this into usable cost-effectiveness information, it was necessary to convert the costs 
using other data (e.g., amount of maize produced per hectare, amount of maize consumed on 
average per individual per year, number of households in Republic of Guinea) to estimate how 
many individuals were affected by the intervention every year. 
It is important to choose appropriate health endpoints (i.e., effects) by which to evaluate 
DALYs.  Aflatoxin, as described in the Introduction, has multiple different adverse health 
effects.  The relationship between aflatoxin and HCC is the most well-established (132).  DALYs 
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have been estimated for HCC, so this makes HCC prevention a convenient endpoint by which to 
evaluate the cost-effectiveness of aflatoxin risk reduction strategies.  Stunted growth in children 
also has DALYs estimated for its societal impacts.   Acute aflatoxicosis is a relatively less 
common effect associated with aflatoxin exposure.  Immunosuppression is an extremely 
important effects associated with aflatoxin; however, the exact relationship is not as well 
characterized. 
Table 2-4 lists the average annual GDP per capita in select nations across the world 
(133). These figures shed light on how feasible some of the aforementioned public health 
interventions would be in different parts of the world.  In nations like Zimbabwe, where the 
average annual GDP per capita is $280 (USD), it is impossible for most individuals to afford an 
intervention that would cost more than a few cents per day; as the average daily income is less 
than $1.  Even if the one–time cost of an intervention could improve health for years, it cannot be 
assumed that most families have saved enough money to be able to afford such an intervention.  
There are many competing demands for scarce resources, and often availability of food is more 
important than quality of that food.  Moreover, a major challenge for any intervention in food-
insecure countries is that there is little price differential for quality; hence, producers may have 
no incentive to invest in quality enhancement. It is likely that governments would need to pay for 




Table 2-4. Average annual gross domestic product (GDP) per head in select countries across the world, in 
USD 2008. 








United Kingdom $43,544 
United States $45,230 
Zimbabwe $314 
Note: Source: The Economist, 2007 (133), http://unstats.un.org/unsd/demographic/products/socind/inc-eco.htm 
Ironically, individuals in industrial nations such as the US, United Kingdom, Canada, and 
Australia rarely directly pay the price to reduce aflatoxin–induced illness, whether by 
agricultural or clinical means.     These costs are usually borne by growers (agricultural 
interventions to reduce aflatoxin) or by health insurance institutions or the national government 
(HBV vaccination). 
2.4 DISCUSSION 
The main purpose of this review is to bring together the scientific knowledge base (efficacies) 
and economic factors (costs, stakeholders) concerning aflatoxin risk-reduction strategies that 
could be deployed worldwide, and to highlight the importance of economic feasibility. Policy 
makers can use this information to decide: (1) whether the benefits (market and health) outweigh 
the costs of implementing the strategies, and (2) if so, then which stakeholders would pay the 
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costs and which would benefit in the long run, to resolve potential mismatches in economic 
incentives (39). 
This information can also be useful to researchers who are developing further aflatoxin 
control strategies, in that they can roughly position their interventions among various existing 
strategies in terms of economic feasibility.  It can also be useful to decision makers who want to 
weigh the relative importance of two categories of cost: the cost of preventing aflatoxin-related 
risks (to both markets and human health), and the cost of not preventing aflatoxin-related risks. 
In preharvest settings, conventional breeding of maize and groundnuts to resist aflatoxin 
has shown great promise in terms of achievable efficacies.    While initial research and 
development funding is of course necessary, once the resistant varieties are developed and 
disseminated, significant reduction of aflatoxin contamination can be achieved at very low, if 
any, additional cost to farmers.  Replacement of local maize cultivars with agriculturally-
improved varieties has been well-accepted by African farmers in recent history. It is estimated 
that a large part of 40% of present African maize yield is the result of planting improved 
cultivars (134).  Transgenic crops that demonstrate aflatoxin reduction, on the other hand, may 
encounter several problems regarding wide-scale adoption worldwide.  One problem is cost.  
Though the actual cost per acre for transgenic seeds may not be high, farmers may be required to 
buy new seeds each season if the seeds were developed in the private sector.  Such an expense 
for farmers who are used to saving seed from season to season might be considered 
unacceptable.  Another problem is governmental regulations against commercialization and trade 
of transgenic organisms in many parts of the world.   Hence, transgenic technologies in 
agriculture are at the moment best-suited to nations in which it is already customary to buy new 
seed each season, and where biosafety laws permit planting of transgenic seeds. 
Biocontrol through atoxigenic strains of Aspergilli has shown significant promise in 
controlling aflatoxin in a variety of crops in both preharvest and postharvest settings.  Depending 
on the product, costs vary widely; but low-cost options are available in LDCs that have naturally 
occurring atoxigenic strains in their native soils.  Biocontrol can be extremely cost-effective in 
reducing aflatoxin-induced disease (135) because of the protection against aflatoxin 
contamination that lasts for at least 6 months postharvest. As with transgenic crops, there may be 
regulatory issues to overcome in different nations, associated with the application of fungal 
strains to agricultural fields. 
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Good agricultural practices–those that can reduce various stresses on c rop plants and 
hence reduce fungal infection–can reduce aflatoxin contamination.  Irrigation systems combined 
with insecticides can achieve extremely high efficacy in aflatoxin reduction, but capital costs to 
install the systems can be very high, as can operation and maintenance costs.  These systems may 
not be affordable yet in many poorer LDCs. 
In postharvest settings, physical methods to reduce aflatoxin accumulation are generally 
both less expensive and less risky than chemical methods.  Physical sorting can remove the most 
contaminated food immediately postharvest.  The postharvest intervention package described in 
Turner et al. (2005), which includes sorting as well as wooden drying pallets, natural-fiber 
storage bags, and insecticides, was estimated to be extremely cost-effective in reducing 
aflatoxin-induced HCC (135), without significant health or environmental risks.   Chemical 
methods of destroying aflatoxin such as ammoniation and ozonation have extremely high 
efficacy levels at relatively low costs.  However, handling ammonia can be dangerous if done 
improperly, and the process can cause reduced palatability and produce a byproduct which, 
though much less risky than AFB1, may pose some health risks.  Ozonation, because it appears to 
reduce protein efficiency in animals, may carry nutritional risks. 
Dietary interventions to reduce aflatoxin risks can be considered forms of secondary 
prevention, as they do not actually reduce the amount of aflatoxin in the food, but can reduce its 
bioavailability in the body.  NovaSil clay and chlorophyllin can both be produced at extremely 
low cost, and have shown significant reduction in biomarkers of aflatoxin-induced damage.  
Because both NS and chlorophyllin must be consumed at the same time as contaminated food in 
order to adsorb or sequester the aflatoxin, one potentially feasible mechanism is to blend these 
agents into a food item that is frequently used in local diets (e.g., maize meal). Green tea 
polyphenols would be an extremely cost-effective way to potentially reduce aflatoxin-induced 
health risks in cultures where green tea is already common in the diet.  Otherwise, transportation 
costs and issues concerning the introduction of a relatively foreign drink (or pill) into the diet 
may render it impractical.   
Chemoprevention through oltipraz and sulforaphane has shown some promise in reducing 
aflatoxin-induced HCC.  Oltipraz is relatively expensive, however; and may not be practical as a 
long-term solution due to potential side-effects.  With regard to obtaining sulforaphane from 
natural foods, at least two constraints exist: 1) the foods should ideally be locally produced, and 
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2) there is much variation in the concentration of the active compound in food.  Therefore, it 
might be more reasonable to consider dietary chemoprevention as an additional intervention to 
other agricultural or clinical methods to reduce aflatoxin risks. 
Hepatitis B vaccination has been employed in some degrees in Africa, initially with 
support from non–profit organizations such as the Global Alliance for Vaccines and 
Immunization (GAVI) and the Vaccine Fund (136). However, if support is withdrawn, each 
country has to determine the feasibility and costs of continuing this program within its own 
budget.  As much of the infrastructure and basic materials needed for vaccination have been 
established during the initial phase, and inexpensive and effective vaccines are available, HBV 
vaccine programs are overall a useful, cost-effective, and feasible strategy to reduce aflatoxin-
induced HCC (and indeed, HCC in general).  However, the vaccine has no effect in those already 
infected with HBV.  Hence, other aflatoxin-reduction methods are desirable, particularly in 
nations where HBV prevalence is high and HBV vaccination is still scarce. 
Overall, efficacy tends to be higher for agricultural interventions (preharvest and 
postharvest) and for HBV vaccination than for dietary interventions, to reduce aflatoxin-related 
health risks.  However, there are times in which only dietary interventions would be helpful, such 
as in the case of an emergency.  For example, if an acute aflatoxicosis outbreak is occurring, it is 
too late to adopt agricultural interventions or to administer HBV vaccines to reduce aflatoxin’s 
health effects – at least, to counteract the current crisis.  Adsorbent compounds in the diet would 
make the most sense in such an emergency, if it is suspected that available food sources still 
contain dangerously high aflatoxin levels, and if the food cannot be simply discarded (e.g., for 
reasons of scarcity). 
A limitation with the cost estimates of several of these interventions is that many of the 
costs reflect estimates from pilot studies (field or clinical trials) or anecdotal data. Actual costs 
done on a  large scale for some interventions cannot be estimated, because some of the 
interventions have never been implemented on a large scale. Because of economies of scale, this 
is more likely to result in cost overestimates in this study, rather than underestimates. This 
highlights the need for further research to more accurately establish costs and efficacy of 
aflatoxin-risk reduction interventions worldwide. 
A critical component to implementing any or all of these methods is community 
education (70). Not only should educational efforts include how to use the intervention properly 
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to achieve maximum benefit regarding aflatoxin risk reduction, it should also include why the 
interventions are important from health and market perspectives, so that users have incentive to 
continue with the interventions. 
In summary, to reduce aflatoxin related problems in less developed countries, multiple 
types of interventions are potentially cost-effective; as they focus on di fferent targets, offer 
different outcomes, and achieve those outcomes under different time constraints.  Understanding 
the costs, efficacy, and affected stakeholders of different aflatoxin control interventions can help 
decision makers–be they government policymakers or farmers or consumers–to optimally 
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3.1 ABSTRACT 
Background: Chronic infection with hepatitis B virus (HBV) and high aflatoxin exposure in 
food synergistically predispose individuals to liver cancer (hepatocellular carcinoma, HCC) risk, 
especially in less developed countries where both risk factors are common. We wished to assess 
the relative efficacy of the HBV vaccine and two interventions intended specifically to control 
aflatoxin exposure in reducing aflatoxin-induced HCC.  
Methods: We calculated annual and lifetime HCC burden caused by aflatoxin and chronic HBV 
infection by quantitative risk assessment of aflatoxin-induced liver cancer and age-standardized 
liver cancer rates in the 2010 Nigerian birth cohort. We used epidemiological and agricultural 
data to estimate the efficacy of the HBV vaccine compared with two aflatoxin-specific 
interventions, biocontrol and NovaSil clay, on reducing the burden of HCC associated with 
aflatoxin in Nigeria. 
Results: 66-221 cases and 475-500 cases per 100,000 of the 2010 birth cohort are estimated to 
be attributable to aflatoxin and HBV, respectively. If 100% of the 2010 N igerian birth cohort 
were vaccinated against HBV, the lifetime prevalence of aflatoxin-induced liver cancer in this 
population would be reduced by 77%. Biocontrol and NovaSil, if adopted continuously in the 
entire Nigerian population, would reduce HCC incidence by 5–19% and 3–11%, respectively. To 
prevent one aflatoxin-induced liver cancer case, about 587-1,970 infants must be vaccinated, 
659–2,704 individuals must regularly consume biocontrol-treated maize, and 1,133–3,803 
individuals must regularly consume NovaSil.  Keywords: hepatitis B virus (HBV), aflatoxin, 
HBV vaccine, risk reduction, Nigeria, liver cancer       
3.2 BACKGROUND  
Liver cancer is the fifth most common cancer and the third most deadly cancer worldwide (137). 
Hepatocellular carcinoma (HCC) is the most common type of liver cancer. The number of new 
HCC cases is estimated at over 500,000 annually (138). In general, once diagnosed, patients will 
die in under a year without any treatment (139).  
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Globally, the geographic distribution of liver cancer is not uniform. The age-adjusted 
death rates of liver cancer are highest in sub-Saharan Africa (8.9–14.0 per 100,000) and East and 
Southeast Asia (14.9–24.0 per 100,000) (137).  Three key risk factors for HCC in high-risk 
regions are chronic infection with hepatitis B virus (HBV) and hepatitis C virus (HCV) and 
foodborne aflatoxins (112, 140, 141). Globally, about 52% and 25% of HCCs are attributable to 
HBV and HCV, respectively (138). It has been estimated that aflatoxins may be responsible for 
5%–28% of total liver cancer worldwide (142).   
The role of HBV in causing HCC is supported by strong evidence from animal studies 
and epidemiological data, showing similar distributions of HCC and chronic HBV infection; 
higher detection rates of HBV surface antigen (HBsAg), a biomarker of chronic HBV infection, 
in HCC patients, compared with that in non-HCC populations; and evidence of chronic HBV 
infection  pr ior to the development of HCC (143). However, the mechanism by which HBV 
induces liver cancer is still unclear and may involve both direct and indirect effects (144).   
Aflatoxins, produced primarily by the fungi Aspergillus flavus and A. parasiticus, are 
found in multiple food commodities, most importantly maize and peanuts. One of the most 
potent naturally occurring human hepatocarcinogens, aflatoxin’s highly reactive AFB1 
metabolite, AFB1-8,9-exo-epoxide, intercalates in DNA and forms adducts with guanine, leading 
to base transversions in the p53 tumor suppressor gene.  
Aflatoxin and chronic HBV infection synergistically increase the risk of HCC 
development (74, 145, 146). In less developed countries, the coexistence of foodborne aflatoxin 
and HBV makes liver cancer risk much higher than is experienced in industrial nations, where 
aflatoxin exposure and HBV prevalence are relatively lower. The mechanism of this synergy has 
not yet been elucidated. Researchers have discussed plausible mechanisms in several articles 
(147, 148). One concerns inflammatory effects of chronic hepatitis that may inhibit DNA repair 
mechanisms against aflatoxin-induced DNA damage. Another concerns the ability of HBV to 
induce enzymes in P450 systems involving the activation pathways of aflatoxin. Additionally, 
metabolic products generated by hepatitis viruses, such as reactive oxygen species or reactive 
nitrogen species, may favor aflatoxin-induced p53 mutations at codon 249ser (147, 149).  
Multiple interventions to reduce aflatoxin risk have been developed. The costs and 
efficacy of various types of aflatoxin control interventions have been reviewed (150). One of 
these interventions is biocontrol, in which atoxigenic Aspergillus strains are strategically applied 
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to crops to outcompete toxigenic strains, so that the crops may be infected with fungus, but there 
is little or no toxin.  These biocontrol methods have been tested in maize, groundnut, and cotton 
fields in various parts of the world. Biocontrol can decrease aflatoxin levels in harvested crops 
by 70%–90% compared with untreated crops (58, 62, 96, 118, 151) . Importantly, atoxigenic A. 
flavus strains have been found in sub-Saharan Africa, which show promise for controlling 
aflatoxin in African maize (59, 62).  
Another intervention that reduces aflatoxin risk is NovaSil: a dioctahedral smectite clay 
that, as a dietary additive, can reduce bioavailability of aflatoxins in humans and animals (70). 
This anti-caking agent adsorbs aflatoxin in the gastrointestinal tract between interlayer spaces 
and surfaces of clay molecules. In a human study in Ghana, NovaSil, at a 3-gram daily dose for 3 
months, significantly reduced two biomarkers of aflatoxin exposure, aflatoxin M1 and aflatoxin-
albumin adduct, compared with the control (104).  
Because the HBV vaccine reduces the risk of chronic HBV, it can reduce not just cancers 
caused by HBV alone, but also cancers caused by the synergism of aflatoxin and chronic HBV. 
Therefore, the HBV vaccine has been listed as an aflatoxin risk-reduction strategy (6, 150). Once 
infected by HBV, children are more likely to become chronic carriers than adults (152, 153); 
consequently, the infection could lead to premature deaths from cirrhosis and liver cancer. HBV 
vaccination in infants, therefore, is especially important for long-term protection against chronic 
HBV infection (154). Indeed, the HBV vaccine is believed to be one of the best preventive 
methods to control the spread of liver cancer. The HBV vaccine has been recommended for 
populations in areas with high liver cancer incidence (139, 149, 155).  
Nigeria, the most populous country in sub-Saharan Africa, has a long history of aflatoxin 
contamination in food crops and chronic HBV infection (69, 156-159). The age standardized 
death rates of liver cancer in Nigeria ranges from 10.1 t o 15.2 pe r 100,000 (160, 161). The 
purpose of our study is to quantitatively estimate burdens of aflatoxin-induced liver cancer and 
HBV-induced liver cancer in Nigeria; and to estimate the impacts of the HBV vaccine in 
comparison with other two aflatoxin control interventions, biocontrol and NovaSil clay, in 
reducing liver cancer burdens through three risk reduction estimates: absolute risk reduction 
(ARR), relative risk reduction (RRR), and number needed to treat (NNT).  
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3.3 METHODS 
3.3.1 Liver cancer risk in Nigeria 
3.3.1.1 HBV-induced liver cancer risk 
We estimated the number of liver cancer cases in Nigeria based on the Nigerian age standardized 
death rate obtained from a World Health Organization (WHO) database (160) and the 
International Agency for Research on Cancer (IARC) GLOBOCAN 2008 database (161). As 
these rates are not HBV-specific death rates, we adopted the attributable fraction approach to 
determine the number of liver cancer cases attributable to HBV. The attributable fraction is the 
proportion of diseases that may be eliminated by getting rid of an exposure or a particular risk 
factor (114).  It can be presented in a simple equation as follows:  
 
𝐴𝐹 = 𝑃𝑟 (𝐸,𝐶 ) 𝑋 ((𝑟𝑖𝑠𝑘 𝑟𝑎𝑡𝑖𝑜 − 1)/𝑟𝑖𝑠𝑘 𝑟𝑎𝑡𝑖𝑜)  
Equation 2. Attributable fraction (114) 
Where AF = Attributable Fraction and Pr (E,C) = Prevalence of exposure among cases 
The risk ratio for HBV infection resulting in liver cancer is often reported to be much 
greater than 10 (162-164). As the result, the attributable fraction is close to the prevalence of 
HBV infection among liver cancer cases (114); which, in Nigeria, ranges from 59% to 62% 
(165-168). These numbers are almost the same as the calculated attributable fraction (58.8%) of 
HBV on liver cancer in less developed countries reported by Parkin in 2006 (169), and 63%, the 
number of HBsAg+ (surface antigen biomarker of chronic HBV infection) in Gambian HCC 
patients (170).  
3.3.1.2 Aflatoxin-induced liver cancer risk 
We collected Nigerian data on aflatoxin levels in maize (69, 156, 157 )  and groundnuts (158, 
159, 171), maize and groundnuts consumption rates per head (172), and prevalence of hepatitis B 
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chronic infection in Nigeria (173-189). Five year (2003–2007) maize and groundnut 
consumption rates per capita per day, obtained from the FAOSTAT database, were used to 
project consumption rates in 2010.  The geometric mean levels of aflatoxin in maize and 
groundnuts based on available published literature were calculated. We divided detection limits 
by two for the samples in which aflatoxin was not detected to derive the lower range of aflatoxin 
levels. To obtain the upper range of aflatoxin levels, only positive samples were included.   
Next, we estimated burdens of liver cancer induced by aflatoxin in HBV+ and HBV– 
populations in Nigeria. These numbers were calculated by cancer risk assessment methodologies, 
based on the aflatoxin cancer potency factors proposed by The Joint Expert Committee on Food 
Additives (JECFA) of the World Health Organization and Food and Agriculture Organization 
(145), and multiplied by the aflatoxin exposure data found above, assuming average bodyweight 
of 60 k g. JECFA proposed two carcinogenic potencies of aflatoxin: 0.30 cases per 100,000 
individuals per year, per nanogram of AFB1 intake per kilogram body weight per day, in the 
presence of HBV infections; and 0.01 corresponding cases per 100,000 without HBV infections 
(145). The difference between the number of HBV-induced liver cancer cases and the number of 
liver cancer cases caused by the synergistic effect between aflatoxin and HBV represents the 
number liver cancer cases caused by the interaction between chronic HBV infection and non-
aflatoxin factors. Similarly, the difference between the numbers of non-HBV-induced liver 
cancer cases and aflatoxin-induced liver cancer cases in the HBV-negative population represents 
the number of liver cancer cases induced by non-aflatoxin and non-HBV factors. These other 
risk factors for liver cancer may include alcohol consumption, tobacco smoking, other dietary 
and environmental toxins, HCV infection, liver fluke, and metabolic syndrome (190).     
3.3.1.3 Proportions of liver cancer induced by aflatoxin and HBV in relative to total liver 
cancer and the estimated numbers of liver cancer in the 2010 birth cohort in Nigeria 
The proportions of liver cancer of these following groups, (I) aflatoxin/HBV+, (II) 
aflatoxin/HBV–, (III) non-aflatoxin factors/HBV+, and (IV) non-aflatoxin factors/HBV–, were 
calculated in relative terms to total liver cancer cases in Nigeria.  
The baseline lifetime liver cancer risk was generated based on the mortality rates by age 
groups obtained from WHO (191) for the 2010 birth cohort. This baseline risk was multiplied by 
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the proportions of liver cancer of the 4 groups described above.  We obtained the number of 
infants born in 2010 by multiplying the Nigerian population in 2010 by the Nigerian birth rate. 
From this, we subtracted the number of neonatal deaths, obtained by multiplying the number of 
infants by the Nigerian neonatal death rate, to estimate population size of the 2010 birth cohort.      
We then estimated the number of infants perinatally infected with HBV and determined 
the number of infant deaths from HBV infection. The HBV infection mortality rate in newborns 
obtained from Goldstein et al. 2005 (192) was applied to the number of infants born with 
HBsAg+ to estimate the number of infant deaths from fulminant hepatitis.  
We applied the 2008 Nigerian life table (193) to the 2010 birth cohort, from which the 
number of infant deaths from fulminant hepatitis was subtracted, to generate the expected 
numbers of deaths by HCC of the 2010 birth cohort at different ages: 0–14 years, 15–59 years, 
and >60 years, based on liver cancer death rates by age groups presented in the WHO Global 
Burden of Disease 2004 data (191). The numbers of liver cancer cases in different age groups 
were combined to obtain lifetime liver cancer cases in the 2010 birth cohort. The proportions of 
liver cancer induced by (I) aflatoxin/HBV+, (II) aflatoxin, (III) non-aflatoxin/HBV+, and (IV) 
non-aflatoxin/non HBV calculated earlier were applied to generate the numbers of liver cancer 
cases in different groups in the 2010 birth cohort, which were used as baseline risk 
3.3.2 Efficacy of HBV vaccine and aflatoxin control methods in reducing liver cancer risk 
The efficacies of biocontrol and NovaSil in reducing aflatoxin or aflatoxin-associated biomarkers 
were obtained from published literatures or personal communication, and applied to the baseline 
lifetime liver cancer risk induced by aflatoxin calculated earlier. It is widely accepted that the 
HBV vaccine is approximately 95% effective in reducing the prevalence of chronic hepatitis B 
carriage (HBsAg+) (115, 154). Therefore, 95% vaccine efficacy in reducing chronic HBV was 
used to determine number of liver cancer cases prevented by the vaccine in each age group. We 
applied 80% efficacy of biocontrol in reducing aflatoxin in maize in relative to total dietary 
aflatoxin exposure and 40% efficacy of NovaSil in reducing aflatoxin bioavailability to the 
numbers of liver cancer cases attributed to aflatoxin in the 2010 b irth cohort to determine 
numbers of cases which would be prevented by the interventions.          
47 
Three risk reduction estimates, absolute risk reduction (ARR), relative risk reduction 
(RRR), and number needed to treat (NNT) of the HBV vaccine are calculated to determine the 
efficacy of the vaccine:  
𝐴𝑅𝑅 =  𝑐𝑎𝑠𝑒 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 (𝑖𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛−)– 𝑐𝑎𝑠𝑒 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 (𝑖𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛+) 
Equation 3. Absolute risk reduction (194) 
           
𝑅𝑅𝑅 =  𝐴𝑅𝑅/𝑐𝑎𝑠𝑒 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 (𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) 
Equation 4. Relative risk reduction (194) 
𝑁𝑁𝑇 = 1/𝐴𝑅𝑅 
Equation 5. Nuber needed to treat  (194) 
3.4 RESULTS 
3.4.1  Liver cancer risk in Nigeria 
3.4.1.1 HBV-induced liver cancer risk 
Age standardized mortality rates of liver cancer in Nigeria, 10.1–15.2 per 100,000 (161, 191), 
were multiplied by 152 million, the number of Nigerian population in 2010 (195), to obtain the 
number of total liver cancer cases in 2010: 15,352–23,104 cases.  Of these numbers, 9,058–
14,324 cases are estimated to be HBV-related and 6,294–8,780 cases are non-HBV-related.     
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3.4.1.2 Aflatoxin-induced liver cancer risk 
Table 3-1lists the studies surveying aflatoxin levels in maize and groundnuts or products made 
from these two commodities in Nigeria. In many cases, the maximum detected levels were 
higher than 20 ng/g, the maximum tolerable limit in Nigerian food, even when testing in 
preharvest grains. One recent study detected aflatoxin at levels up to 480 ng/g in maize tested 
within 23 days after being harvested (69). In dry-roasted groundnuts sold in markets in Nigeria, 
aflatoxin levels as high as 165 ng/g were detected. Percentages of aflatoxin positive maize 
samples ranged from 18.4% to 85%, which were relatively lower than those of groundnuts 
(64.2%–100%). Large variations of aflatoxin levels in food samples were detected in all but one 
study.  The mean levels of aflatoxin in Nigerian maize and groundnuts ranged from 13.3 to 36.2 
ng/g and 64.8 to 67.5 ng/g, respectively.       
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Note: aonly aflatoxin levels of positive samples were included, baflatoxin levels of all samples were counted   
 
Maize and groundnut consumption rates in 2010 were about 73.6 g and 6.4 g per capita-
day, respectively (172). Hence, aflatoxin exposure from consuming maize and groundnuts 
ranged from 16.37–44.36 ng/kgBW-day and 6.91–7.22 ng/kgBW-day, respectively. The 
estimated mean aflatoxin exposure from consuming both maize and groundnuts is 23.28–51.58 
ng/kgBW-day.  
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While there are several studies to determine HBV prevalence rates in Nigeria, most of the 
studies focus on s pecific regions or specific groups of populations. In any case, a number of 
studies confirm high prevalence rates of the HBV infection in various populations in Nigeria 
(173-189); for example, HBV prevalence ranges from 13%–22% in blood donor groups (173-
176), 2%–12% in pregnant women (176, 178-181), 18.7% in female sex workers (183), 23% in 
male prisoners (184), and 26%–52% in HIV positive individuals (173, 186-189). In this study, 
the Nigerian HBV prevalence is assumed to be 15%. 
Aflatoxin exposure in Nigeria would result in 1.05–2.32 liver cancer cases per 100,000 
HBV carriers, and 0.20–0.44 per 100,000 HBV-negative individuals annually. In the 2010 
population of 152 million, 1,596–3,526 liver cancer cases per year in Nigeria are estimated to be 
due to the interaction between chronic HBV infection and dietary aflatoxin exposure, and 299–
668 liver cancer cases per year would be due to dietary aflatoxin exposure alone.  
3.4.1.3 Proportions of liver cancer induced by aflatoxin and HBV in relative to total liver 
cancer and the estimated numbers of liver cancer in the 2010 birth cohort in Nigeria 
The estimated numbers of liver cancer cases distributed in these following groups: (I) aflatoxin-
induced liver cancer in individuals with chronic HBV infections, (II) aflatoxin-induced liver 
cancer in individuals without HBV infections, (III) non-aflatoxin-induced liver cancer in HBV 
carrier population, and (IV) non-aflatoxin-induced liver cancer in HBV-negative population are 
presented in table 3-2.   
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Table 3-2. Age standardized attributable risk of aflatoxin and hepatitis B infection on liver cancer in Nigeria 
























Note: Population =152 million 
 
Aflatoxin exposure accounts for about 8% to 27% of total liver cancer cases in Nigeria. 
Aflatoxin exposure in the presence and absence of chronic HBV infection account for 7%−23% 
and 1%−4% total liver cancer cases in Nigeria, respectively.     
Given the population in 2010 in Nigeria of 152 million (196), Nigerian birth rate of 36.65 
per 1,000 (197), and neonatal death rate of 47 per 1,000 (198); the population of the 2010 
Nigerian birth cohort is approximately 5.3 million. Because 13–30%, of HBsAg-positive mothers 
contained HBeAg (176, 199), of the 5.3 million, about 20,800–48,000 infants of 5.3 m illion 
infants born in 2010 are expected to born with HBV seropositive caused by perinatal 
contamination. In any case, the likelihood of children to develop fulminant hepatitis is less than 
10 in a million (192). None of the 2010 N igerian neonates would be expected to die from 
perinatal acute HBV infection (data not shown). 
Table 3-3 shows the estimated lifetime risk to develop liver cancer in the 2010 bi rth 
chort. About 43,000 (806 per 100,000) liver cancer cases would be developed during the lifetime 
of the 2010 birth cohort. The estimated numbers of lifetime HBV-related liver cancer cases in the 
2010 birth cohort would range from 25,372 to 26,662. The lifetime numbers of non-HBV related 
liver cancer cases would range from 19,081 to 20,587 cases.      
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Table 3-3. Estimated lifetime risk to develop liver cancer and health impacts of the HBV vaccination in the 
2010 Nigerian birth cohort 
 HBV+ HBV- Total 
cases 
reduction 




















































Note: numbers in brackets indicate that numbers in groups after vaccination program higher than baseline (negative 
values). 2010 birth cohort population =5,336.8 thousand 
 
3.4.2 Efficacy of HBV vaccine and aflatoxin control methods in reducing liver cancer risk 
In the 2010 birth cohort, the vaccine is expected to prevent liver cancer in HBV positive group 
by 24,103–25,329 cases (see table 3-3). Of these numbers, the vaccine would prevent aflatoxin-
induced liver cancer in the HBV population by 2,804–9,407 cases. The increased number in 
HBV-negative population, as a result of the vaccine, would lead to the increased number of liver 
cancer in non-HBV carriers by 2,704–2,956 cases. Overall the vaccine would prevent 2,710–
9,093 cases from aflatoxin-related liver cancer, 24,103–25,329 cases from HBV-induced liver 
cancer by, and 21,147–22,589 total liver cancer cases.      
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Table 3-4. Expected health impacts of select aflatoxin control interventions on liver cancer in the 2010 
Nigerian birth cohort 
 




No. of cases 
No. of cases 
prevented 
No. of cases 
No. of cases 
prevented 
HBV+ 2,951–9,902 1,282–3,102 1,669–6,800 1,771–5,941 1,180–3,961 
HBV– 557–1,870 242–586 315–1,284 334–1,122 223–748 
Total 3,508–11,772 1,524–3,688 1,984–8,084 2,105–7,063 1,403–4,709 
Table 3-4 lists the expected number of liver cancer cases prevented by the two aflatoxin 
control strategies biocontrol and NovaSil clay. Unlike the HBV vaccine, both biocontrol and 
NovaSil can reduce liver cancer risk in either HBV-positive or HBV-negative populations. 
Biocontrol and NovaSil prevent about 2,000–8,000 and 1,400–4,700 liver cancer incidents, 
respectively, over the lifetime courses of the 2010 birth cohort.  
Overall, the HBV vaccine reduces the greatest numbers of total liver cancer compared 
with biocontrol and NovaSil. Of 43,000 total liver cancer cases, the HBV vaccine, biocontrol, 
and NovaSil reduce liver cancer by 49%–53% (21,147–22,589 cases), 5%–19% (1,984–8,084 
cases), and 3%–10% (1,403–4,709 cases), respectively.   
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Baseline risk (per 
100,000) 
 65.73–220.58 475.42–499.59 805.78 
ARR (per 100,000) Vaccine 50.76–170.39 450.44–475.81 395.05–424.47 
 Biocontrol 37.17–151.47 31.27–127.41 36.98–151.82 
 NovaSil  26.29–88.23 22.12–74.22 26.30–88.23 
RRR Vaccine 0.77 0.95 0.49–0.53 
 Biocontrol 0.57–0.69 0.06–0.27 0.05–0.19 
 NovaSil  0.40 0.04–0.16 0.03–0.11 
NNT Vaccine 587–1,970 210–222 236–253 
 Biocontrol 660–2,690 785–3,198 659–2,704 
 NovaSil 1,133–3,803 1,347–4,521 1,133–3,803 
 
To summarize: per 100,000 populations, the HBV vaccine, if 100% adopted is estimated 
to prevent 51–170 (77%: 51/66, 170/221) and 450–476 (95%: 450/475, 476/500) cases from 
developing liver cancer induced by aflatoxin and HBV, respectively. About 395.05–424.47 (49–
53%) cases in 100,000 would be prevented from developing liver cancer, regardless of cause.  In 
order to prevent one liver cancer case, regardless of cause, 236 t o 253  infants need to be 
vaccinated. About 587 to 1,970 and 210 to 222 infants need to be vaccinated to prevent one liver 
cancer case caused by aflatoxin and HBV, respectively.   
About 6%–27% and 4%–16% of HBV-induced liver cancer incidents are expected to be 
reduced by biocontrol and NovaSil, respectively. NovaSil would reduce liver cancer by 3%–11% 
of total liver cancer. Approximately 5%–19% of total liver cancer would be avoided if biocontrol 
was adopted. The HBV vaccine reduces total liver cancer by about 50%. The ARRs of biocontrol 
and NovaSil indicate that they reduce fewer liver cancer cases, compared with the HBV vaccine, 
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as a result these two aflatoxin control interventions requires greater numbers of individuals to 
adopt these interventions than the HBV vaccine. 
3.5 DISCUSSION  
In general, the incidence of liver cancer increases after 20 years of age, then reaches a peak and 
stabilizes around the age of 50 (200). At present, the life span of a Nigerian is estimated to be 47 
years old (201). If overall Nigerian public health were improved, leading to longer life 
expectancy, the lifetime risk of liver cancer could become higher than the numbers presented in 
this study. 
Though liver cancer is a multi-factorial disease, we show that a significant portion of 
liver cancer cases in Nigeria is associated with HBV infection, aflatoxin, or both. HBV 
vaccination in infants would greatly reduce the numbers of liver cancer cases in Nigeria either 
induced by HBV alone, or a combination of aflatoxin and HBV. Though some regions have high 
vaccine uptake rates, overall national vaccination rates are still low (202, 203), at about 41% 
(198). Among Global Alliance for Vaccines and Immunisation (GAVI) eligible countries, 
Nigeria was ranked second after India in nations that have the highest proportion of children 
unvaccinated against HBV (204). One study estimated that only 1% of children whose mothers 
were market traders in Ibadan were immunized against HBV  (205). Our analyses reveal that the 
HBV vaccine reduces a greater number of liver cancer cases than two effective aflatoxin control 
strategies. Aside from liver cancer, one of the advantages of the HBV vaccine is the reduction in 
premature deaths caused by HBV-related conditions and diseases, such as acute HBV infection 
and HBV-induced cirrhosis.  
One of the limitations of the study is the estimation of aflatoxin exposure. Hall and Wild 
(1994) described this difficulty in 1994, a nd discussed how biomarkers could resolve some 
problems related to obtaining accurate aflatoxin exposure data (206).  In the intervening time, 
several serum- and urine-based biomarkers of aflatoxin exposure, internal dose, and biologically 
effective dose have been validated in experimental models and epidemiological studies (74).  
Use of these biomarkers has greatly assisted epidemiological studies.  However, these have not 
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been collected in the broad Nigerian population, so aflatoxin exposure was estimated from food 
samples and estimates of food intake. Limits of detection of aflatoxin analysis methods may 
affect the number of positive samples found in assays. Bandyopadhyay et al. (2007) identified 
aflatoxin in more than 50% of maize samples using the method that can detect aflatoxin levels as 
low as 1 ng /g, while only 18.4% and 45% of pre-harvested maize and maize sold in markets 
were found to be aflatoxin-contaminated in studies using less sensitive techniques.  
The results of this study should not be interpreted as recommending greater HBV vaccine 
uptake in lieu of aflatoxin control interventions. Aflatoxin causes adverse health and economic 
impacts beyond liver cancer.  Although the HBV vaccine can reduce hepatotoxicity caused by 
the HBV infections, or by the synergistic effects between aflatoxin and the HBV infection, it 
cannot reduce aflatoxin in food or feed staples. Therefore, the vaccine does not prevent other 
toxicities of aflatoxins, such as aflatoxicosis, growth impairment, or immunosuppression. 
Moreover, aflatoxin may compromise markets and trade due to unacceptable levels in food (38). 
One important characteristic of aflatoxin-specific interventions is that either HBsAg- or HBsAg+ 
individuals do benefit from them, unlike the HBV vaccine, which only provides benefits to those 
who are or were not already HBV-infected. An individual who is already chronically infected 
with HBV does not benefit from the HBV vaccine.  Therefore, both the vaccine and specific 





4.0  AFLATOXIN CONTROL INTERVENTIONS:                                                               
COST-EFFECTIVENESS ANALYSIS 
4.1 ABSTRACT 
The costs and health-based efficacy of four aflatoxin control interventions: biocontrol, the 
postharvest intervention package, NovaSil clay, and hepatitis B vaccine in Nigeria are evaluated.  
The benefits of preventing liver cancer are presented as the numbers of disability life years 
(DALYs) averted. A 3% discount rate was applied to the benefits of preventing liver cancer to 
convert benefits of preventing liver cancer in the future to current values. The cost effectiveness 
ratios (CERs)–the costs to reduce one disability life year–range from $1,073 to $1,146 for the 
HBV vaccine to $26,467 to $69,110 for biocontrol. Regarding WHO criteria, the HBV vaccine is 
a worthy intervention to reduce liver cancer in Nigeria (CER<3GDP per capita). Biocontrol 
could be a worthy or non-worthy intervention depending on aflatoxin levels in staple crops. 
Either reductions in cost or improvements in efficacy are needed for the postharvest intervention 
package and NovaSil clay to be a worthy intervention to reduce liver cancer in Nigeria.      
  
4.2 INTRODUCTION 
In the previous chapter, we have shown that aflatoxin and the chronic hepatitis B virus (HBV) 
infection are responsible for 8–27% and 59–62% of liver cancer cases, respectively in Nigeria. 
We also determined the health impacts of the HBV vaccine and the other two aflatoxin control 
interventions on l ifetime liver cancer in the 2010 birth cohort. Though the efficacy of each 
intervention differs from 3–11% in NovaSil to 49–53% in the HBV vaccine, it can still be 
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difficult for an individual to determine whether any of these interventions is worthy to be 
adopted.  
Understanding the costs and efficacy of different aflatoxin control interventions can help 
decision makers–be they government policymakers or farmers or consumers–to optimally 
allocate resources, particularly in conditions of scarcity. At least three techniques can be used as 
a tool to compare benefits and costs of different types of public health interventions. These three 
techniques include cost-benefit analysis (CBA), cost-effectiveness analysis (CEA), and cost-
utility analysis (CUA).  
These three techniques measure outcomes differently. In CBA, both cost and benefits are 
often presented in monetary units; whereas in CUA, the benefits are often expressed in terms of 
quality of life or life year gained. In contrast, the outcomes in CEA  are generally clinical effects 
(207).  
Comparing interventions can be a  problem if the clinical outcomes differ. Therefore, 
many studies utilize the concept of disability adjusted life year (DALY). DALYs for a d isease 
are the sum of the present value years of life lost due to the premature deaths (YLL) and the 
years lost due to disability (YLD) for incidents  of disease or injury (208).  One DALY equals 
one healthy life year lost. 
Because DALY is a t ime-based measure, DALYs are affected by time discount rate for 
the future outcome and age. Fewer DALYs are assigned if an incident happens to children or the 
elderly than middle aged persons. Moreover, men and women are assigned different numbers for 
DALYs even when they have the same disease (209).  
The World Health Organization (WHO) recommended the gross domestic product (GDP) 
per capita as a readily available threshold value to classify an intervention into one of the 
following three cost-effectiveness categories: highly cost-effective, cost-effective, and not cost-
effective (130).  
We previously determined the cost-effectiveness of two aflatoxin control interventions; 
biocontrol in Nigeria and the postharvest intervention package in Guinea. If the benefits were 
projected to occur five years after the aflatoxin levels in staple crops were reduced by these two 
interventions, either biocontrol or the postharvest intervention package would be cost-effective 
(135). In this study, we extended the expected time that benefits occur to 10 years, included the 
HBV vaccine and NovaSil clay in the analysis and compared these four interventions if they 
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were adopted in the selected country, Nigeria. Our objective was to determine whether these 
aflatoxin control interventions were worthy to be implemented in Nigeria using the cost-
effectiveness assessment method. Intervention characteristics, costs, and efficacy of various 
types of aflatoxin control interventions   including biocontrol, the postharvest intervention  
package, NovaSil clay, and the HBV vaccine are intensively discussed in our previous work 
(150).  
Biocontrol is the name given to atoxigenic Aspergilli deliberately applied to crops to 
outcompete the toxigenic Aspergilli, so that the final crops may be infected with fungus, but 
there is little or no toxin.  These biocontrol methods have been tested in maize, groundnuts, and 
cottonseed worldwide. A number of non-toxin producing fungi have been identified and tested in 
various countries. Importantly, atoxigenic A. flavus strains have been found in sub-Saharan 
Africa, which show promise for controlling aflatoxin in African maize (59, 62). Afla-safeTM is a 
biocontrol developed by the International Institute for Tropical Agriculture (IITA) based in 
Nigeria. Sorghum is used as the substrate of Afla-safeTM.  Currently, Afla-safeTM offers about 
80% response in reducing aflatoxin contamination in Nigerian maize field trials (Dr. Ranajit 
Bandyopadhyay, IITA plant pathologist, personal communication).  
To improve drying and storage conditions of groundnuts in Guinea, Turner et al. 2005 
incorporated several components into their postharvest intervention package. These components 
included educating the public on how  to sort and dry nuts; using materials that enhance air 
ventilation, such as fibre mats to dry nuts, and fibre bags to store nuts; using a wooden pallet on 
which to store bags; and applying insecticide on storage floor to control pests in storage 
structures (67). Turner et al. (2005) tested this package in Guinea and found a reduction of 69% 
in the mean aflatoxin level in groundnuts (67).  
NovaSil clay is an anti-caking agent in animal feed. It reduces bioavailability of aflatoxin 
by adsorption of aflatoxin in the gastrointestinal tract between interlayer spaces and surfaces of 
the clay molecules. Based on a study done in Ghana, NovaSil clay, at a three-gram daily dose, 
can reduce aflatoxin bioavailability by 40% (104). 
The hepatitis B vaccine is believed to be one of the best preventive methods to control the 
spread of liver viruses, which together with aflatoxin, greatly increase the liver cancer risk above 
the risk of either risk factor alone. At present, the third generation recombinant hepatitis B 
vaccines are cheaper than prior generations. The monovalent hepatitis B vaccine costs $0.21 per 
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dose (210)–less than one dollar per three-dose course.  However, in Africa where percentages of 
primary vaccination coverage are low, the Global Alliance for Vaccines and Immunisation 
(GAVI)–a global partnership between the public and private sectors, e.g. WHO, UNICEF, the 
World Bank Group, Bill & Melinda Gates Foundations, etc–provides supports for pentavalent 
vaccines over the monovalent vaccines.  
The pentavalent vaccine requires three dose vaccinations, similar to the monovalent 
hepatitis B vaccine, but aside from HBV infections, the pentavalent vaccine provides protective 
effects to other four diseases: diphtheria, tetanus, pertussis, and hemophilus influenza type b 
(Hib). However, the cost of the pentavalent vaccine is much higher than monovalent vaccines, 
but in 2009, it was projected to be reduced to $2.94 per dose in 2010 (129). 
4.3 METHOD 
We determined efficacy of aflatoxin control interventions in reducing liver cancer of an 
implementation of a particular intervention if it were 100% adopted.  
4.3.1 Cost-effectiveness analysis 
We performed the CEA by introducing the approach of cost-effectiveness ratio (CER), which is 
the ratio between the costs of interventions and expected outcomes. The numbers of bad 
incidents prevented are multiplied by average burdens per case, obtained from the 2004 global 
burdens of diseases (208). Regarding the JECFA’s aflatoxin carcinogenic potencies, the effects 
of aflatoxin were calculated as annual liver cancer cases per 100,000. We assumed that the 
effects would happen at the tenth-year after the interventions were introduced. But for the HBV 
vaccine, the protective effects are life-long. The numbers of prevented DALYs were discounted 
by 3% per year to account for future benefits from current investment.       
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4.3.1.1 Costs of interventions 
The costs of interventions are the annual cost of each intervention if they are 100% adopted in 
Nigeria. The aflatoxin control interventions, including biocontrol, the postharvest intervention 
package, and NovaSil, must be repeated annually or infants must be given three dosages for the 
HBV vaccine.    
4.3.1.2 Efficacy of interventions 
Aflatoxin-induced liver cancer: The Nigerian aflatoxin exposures per kilogram bodyweight 
were calculated based on aflatoxin levels in maize and groundnuts, and the Nigerian 
consumption rates of these two major staples. Quantitative liver cancer risk assessments in 
Nigeria in the presence and absence of a particular intervention were performed regarding the 
number of Nigerian population in 2010 and carcinogenic potencies of aflatoxin proposed by 
JECFA. These were 0.3 per 100,000 per year for a nanogram of aflatoxin intake per kilogram 
body weight for an individual chronically infected by the HBV and 0.01 in a corresponding case 
for a HBV-free individual (132).   
HBV-induced liver cancer (HBV vaccination): The 2010 cohort population structure was 
generated using the calculated number of survival infants born in 2010 and applied to the 2008 
Nigerian life table (193). Then the mortality rates by age groups were applied to the 2010 cohort 
to generate estimated liver cancer throughout the 2010 cohort lifetime, which is the base line 
liver cancer risk in this population. Later, we calculated the expected number of liver cancer 
cases prevented based on 95% efficacy of the HBV vaccine to prevent chronic HBV infection 
and the attributable fraction of chronic HBV infection on Nigerian liver cancer which is about 
59-62%.  
4.3.1.3 Cost-effectiveness ratio (CER) 
The CER– the ratio between the cost and the benefit of a particular intervention to determine the 
cost to prevent one healthy life year lost–of each intervention was compared with the Nigerian 
GDP per capita, which was about $2,360 in 2010 (211). Based on this ratio, each intervention 
62 
was assigned to one of three following categories proposed by WHO (130): highly cost-effective 
(CER< one GDP per capita), cost-effective (one GDP<CER<three GDP), and not cost-effective 
(CER> three GDP per capita). 
4.4 RESULTS 
4.4.1 Costs of interventions 
4.4.1.1 Biocontrol  
The cost of Afla-safeTM –biocontrol developed by IITA and tested in Nigeria–is about $18 per 
hectare (2010 Personal communication Dr. Ranajit Bandyopadhyay, IITA plant pathologist). 
This cost includes material and distribution costs. The 2010 Nigerian maize planting area 
projected from the FAO 2004–2008 databases (212) is approximately 4.19 million hectares.  
Therefore, the total cost of biocontrol if this intervention were applied into all maize fields in 
Nigeria would be about $75.40 million.  
4.4.1.2 The postharvest intervention package  
The cost of the postharvest intervention package proposed by Turner et al. 2005 is $50 to store 
500–1,250 kg of groundnuts (67). In 2010, this package would cost about $65.03. The 
purchasing power parity (PPP) approach was employed to convert the cost of the package in 
Guinea to the cost of this package in Nigeria. Purchasing power parity (PPP) is the exchange rate 
that equates the price of a basket of identical traded goods and services in two countries. PPP is 
an extension of the law of one price (LoOP) –one of the most basic laws in economics– which 
states that identical goods should be sold at the same price in two different markets if there is no 
transportation cost and no difference in tax rate between these two markets. The simplest way to 
think of the PPP is to compare the cost of “a standard good” that identical across countries. 
Hamburger index, which is the price of Mcburger around the world is one of the most typical 
samples of the PPP approach (213). PPPs are often very different from the current market 
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exchange rates. While market exchange rates reflect short-term relative value of different 
currencies, PPPs provide information of long-term value.  
Table 4-1. 2005 Purchasing power parity (PPP) and market exchange rate of Nigeria and Guinea 
Country PPP (1 $US) (214) 
 in local currency unit 
Exchange rate 
(1 $US) (215) 
Guinea 1,219.35 GNF 3,644.33 GNF 
Nigeria 60.23 Naira 131.27 Naira 
               Note: (PPP= purchasing power parity) GNF = Guinean Franc,  
$50 USD = 50 x 3,644.33 (GNF) = 182,216.50 GNF 
Using PPP to normalize to standardize USD 182,216.50/ 1,219.35 GNF per 1 USD 
       = 149.44 USD 
The PPP of $149.44 is similar to = 149.44 x 60.23  
     = 9,000.77  Nigerian naira 
9,000.77 PPP of Nigerian naira converted to USD based on exchange rate 
     = 9,000.77/131.27 
     = 68.57 USD in 2005 
The cost of the postharvest intervention in 2005 converted to 2010 currency value 
     = $ 89.19 
The 2010 gr oundnuts production in Nigeria was about 4.32 million tons. This number 
was projected based on the FAO 2004–2008 databases (212). The estimated costs of the package 
per year to store this amount of groundnuts range from $103.68 m illion to $259.20 million; 
assuming the package lasts for three years.  
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4.4.1.3 NovaSil clay as a dietary preventive agent  
Currently, the most effective dose of NovaSil clay to reduce aflatoxin bioavailability tested in 
humans is three grams per meal. The cost of NovaSil clay was $0.67 per kilogram in 2009 (2009 
Personal communication: Dr.Timothy Phillips) which was about $0.71 per kilogram in 2010. 
With three meal daily basis and the number of Nigerian population in 2010 of 152 million, about 
166.44 million kilograms or 166,440 tons of NovaSil clay were required to serve the Nigerian 
population in 2010 leading to a $117.54 million cost of the clay. Unlike other previous 
interventions, at present, there is no known source of NovaSil clay in Nigeria. The costs to 
export NovaSil clay from the USA, transport, and import to Nigeria are included in our analysis, 
assuming the clay is exported from USA to Lagos, Nigeria.  
Table 4-2 lists the parameters used for calculating the cost of NovaSil clay. The loose 
bulk density of NovaSil clay is 40 lb per ft.3 (216). The dimensions of standard 20-ft. container 
are 19' 4"x 7' 8"x 7' 9"(217). After a 10% deduction of capacity of standard containers for 
packaging and internal capacity, about 8,800 of 20-ft. containers are required. The costs of 
export from the US and import to Nigeria per 20-ft. container measured the fees levied on a 20-
ft. container are $1,050 (218), and $1,440 (219)1, respectively.  The freight transport cost to 
transport 8,800 of 20-ft containers from the USA to Lagos Nigeria is $39.53 million (Online 
freight calculator for a full load container 2010 May 11). Johns et al., 2003 estimated that, in 
general, the cost of domestic transport would be about 1-3% of original product cost (220).  In 
this study, the domestic transport cost is assumed to be 2% of original cost. Therefore, NovaSil 
would cost $181.33 million per year, assuming NovaSil clay is shipped in 20-ft. containers.     
 
  
                                                 
1 All the fees associated with completing the procedures to export or import the goods are included. These 
include costs for documents, administrative fees for customs clearance and technical control, customs broker fees, 
terminal handling charges and inland transport. The cost measure does not include tariffs or trade taxes. 
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Table 4-2. Cost of NovaSil clay per year in Nigeria 
Items Results References 
Direct cost of intervention   
Cost of NovaSil clay($)  $0.71/kilogram (3 grams 
per meal dose) ($0.73 per 
person per year) 
Dr. Timothy Phillips 
Personal communication, 
author calculation 
2010 Nigerian population  152 million (201) 
Total cost per year ($) 117.54 million Author calculation 
Transport cost   
Loose bulk density of the clay (per ft.3) 40 lbs. (216) 
Percent reduction of capacity due to packaging 
and internal capacity 
10 Author assumption 
Number of 20-ft. container required 8,800 Author calculation 
Export cost from USA per a 20-ft. container ($) 1,050 (218) 
Import cost to Nigeria per a 20-ft. container ($) 1,440 (219) 
Freight transport cost from USA to Lagos 
Nigeria for 8,800 of 20-ft. containers ($) 
39.53 million Online freight quote for 
full load container 2010 
May 11 
Domestic margin ($) 2.35 million Author calculation 
Total shipping cost ($) 63.51 million Author calculation 
Total cost (clay+shipping) ($) 181.33 million Author calculation 
4.4.1.4 Hepatitis B vaccine 
Table 4-3 listed all required parameters used for calculating the cost to immunize the 2010 birth 
cohort against the HBV infections. Given reserve stock of the vaccine to be zero, the cost of 
pentavalent vaccine was expected to be  $2.94  per dose in 2010 (129).  The average costs per 
children without vaccines range from $5.9 to $8.8 (221). These non vaccine cost, based on the 
data from eight countries, in which vaccine coverage rates were either low (< 50%) or high 
(>90%), were converted to 2010 values–$8.99 to $13.40.  
In 2009, the estimated Nigerian birth rate was 36.65 per 100,000; whereas, the population 
of Nigeria in 2009 was 149.23 million (201). Therefore, the estimated number of children born in 
2010 was about 5.47 million. The costs of the pentavalent vaccine and non vaccine were divided 
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by three to reflect the cost of the HBV vaccine. The overall costs in 2010 to HBV vaccinate all 
new born children in Nigeria ranged from $37.83 million to $ 45.88 million.    
Table 4-3. Cost of HBV vaccination per year in Nigeria 
Items Results 
Cost of intervention ($)  
Vaccine cost ($)  2.94 per dose (129) 
Numbers of dose required 3 
Wastage rate 25%  (222) for liquid vaccines in a 10 or 20 
dose vials 
Total  ($) 21.44 million 
Non vaccine cost ($) 8.99–13.40 per dose (221) 
2009 Nigerian population 149.23 million (201) 
Birth rate (per 1,000) 36.65 (201) 
Number of infants born in 2010 5.47 million 
Total ($ millions) 16.38 to 24.44  
Total cost of HBV vaccination program ($ millions) 37.82 to 45.88 
4.4.2 Efficacy of Interventions 
4.4.2.1 Aflatoxin control interventions  
In our previous chapter, we collected the data of aflatoxin levels in Nigerian maize and 
groundnut goods from various sources (69, 156, 157, 159, 171)  and showed that per kilogram 
bodyweight per day, a Nigerian is exposed to 16.37–44.34 and 6.91–7.22 nanogram of aflatoxin 
from consuming maize and groundnuts contaminated with aflatoxin. Together with the high 
prevalent of chronic HBV infections (173-189)–Assuming the HBV prevalence rate of 15%– 
without any interventions, aflatoxin exposure in Nigeria would induce liver cancer developments 
by 1.25–2.76 per 100,000 per year. Of these numbers 0.88–2.37 cases per 100,000 per year are 
the results of consuming maize contaminated with aflatoxin and 0.37–0.39 case per 100,000 are 
due to aflatoxin exposure in groundnuts.    
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Table 4-4 presents estimated numbers of liver cancer cases and disability life years lost 
which could be prevented if each of the three aflatoxin control interventions were adopted. A 
standard 3% discount rate was applied for ten years to obtain current DALYs values. On 
average, a Nigerian consumes maize in a larger amount compared with groundnuts (76.53 
grams/day versus 6.46 grams/day) (172). Biocontrol, the postharvest intervention package, and 
NovaSil clay would reduce aflatoxin-related liver cancer cases by 1,065–2,886, 388–405, and 
758–1,677, respectively. All of these interventions can provide thousands DALYs averted 
depending on levels of aflatoxin in food crops. 
Table 4-4. Estimated numbers of preventable liver cancer cases and DALYs averted from reducing aflatoxin 
exposure by select aflatoxin control interventions 




Target staple crops Maize Groundnuts Not specific 
Efficacy of intervention 80% (M) 69% (G) 40% (NS) 
AF exposure per kgBW-day (ng) due to 
maize consumption (Intervention +) 
3.27–8.87 16.37–44.34 9.82–26.60 
AF exposure per kgBW-day (ng) due to 
groundnuts consumption (Intervention +) 
6.91–7.22 2.14–2.24 4.15–4.33 
Total aflatoxin exposure (Intervention+) 10.18–16.09 18.51–46.58 13.97–30.93 
HCC cases predicted per 100,000 
(intervention+) 
0.54–0.86 0.99–2.49 0.75–1.65 
HCC cases prevented per 100,000 0.70–1.90 0.26–0.27 0.50–1.10 
Total HCC cases prevented 1,065–2,886 388–405 758–1,677 
Total DALYs saved 13,842–37,514 5,047–5,261 9,849–21,799 
Total DALYs saved (adjusted)a 10,300–27,914 3,755–3,915 7,328–16,220 
Note:  aDALYs were adjusted by discounting 3% for the effects assumed to begin at the 10th year. Total 




4.4.2.2 Hepatitis B vaccine  
Liver cancer in 2010 birth cohort  
In the previous chapter, we estimated the numbers of liver cancer cases in the 2010 birth cohort 
in Nigeria and the reduced liver cancer burdens when the HBV vaccine was 100% adopted in 
this population. Given the Nigerian liver cancer death rates by age groups (191) and the 
attributable fractions of HBV infections, 59–62%, on l iver cancer, the HBV infections would 
induce liver cancer by 0.10, 3.11–3.27, and 47.92–50.36 per 100,000, in populations aged 
between 0–14, 15–59, and older than 60 years old age, respectively. The DALYs given to a liver 
cancer case developing at the age 0–14, 15–59, and older than 60 years old are: 30, 20, a nd 7, 
respectively.   
Table 4-5. Estimated lifetime health impacts of the HBV vaccination in 2010 Nigerian birth cohort   
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Note: Population = 5.07 million 
Table 4-5 shows the estimated lifetime health impacts of the HBV vaccination in the 
2010 birth cohort. Overall the vaccine would reduce liver cancer in 21,147 to 22,591 cases. The 
estimated DALYs averted from liver cancer by adopting the HBV vaccine range from 196,561 to 
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209,965. With the 3% discounted rate, the vaccine would prevent about 40,041 t o 42,771 
disability adjusted life years lost.  
Table 4-6. Potential DALYs prevented and cost effectiveness ratios (CERs) 
Items Biocontrol The postharvest 
intervention 
package 

















Cases prevented 1,065 2,886 388 405 758 1,677 21,147 22,591 
DALYs prevented 13,842 37,514 5,047 5,261 9,849 21,799 196,561 209,965 
Adjusted DALYs 
preventeda 
10,300 27,914 3,755 3,915 7,328 16,220 40,041 42,764 
Worthy if the 
costs lesser than  
(US$ million) 
72.92 197.63 26.59 27.72 51.88 114.84 283.49 302.77 
Upfront Cost ($ 
million) 
75.40 103.68–259.20 187.85 37.82–45.88 
According to WHO, an intervention will be cost effective if its CER is less than three 
times GDP; therefore, the product of its total outcome (adjusted DALYs prevented) and 8,070 
(three times the Nigerian GDP) must be higher than its upfront cost for a particular intervention  
to be considered cost-effective.  
The HBV vaccine, but not the postharvest intervention package and NovaSil, is cost-
effective at either 59% or 62% HBV attributable fraction on liver cancer. Depending on aflatoxin 
exposure levels, biocontrol can be either cost-effective or not cost-effective. At the upper bound 
aflatoxin level, biocontrol is a cost-effective intervention to prevent liver cancer in Nigeria. 
However, at the lower bound level of aflatoxin, biocontrol is not cost-effective.    
70 
4.4.3 Sensitivity Analysis 
The sensitivity analyses of these four methods were performed to determine the CERs of these 
four interventions if their costs and efficacy were changed. We varied the costs by 30–500% of 
the current costs; and the efficacy from 40% of the original efficacy to their full capacity to 
completely reduce aflatoxin, aflatoxin bioavailability, or chronic HBV infections.   
Table 4-7 through table 4-14 present the CERs of four different types of aflatoxin control 
interventions at various costs and efficacy. At the lower bound aflatoxin level, either a reduction 
in cost or an improvement in efficacy is needed for biocontrol to become a worthy intervention. 
In contrast, even when the cost of the postharvest intervention package was reduced to only 30% 
of its original cost and its efficacy was improved to completely reduce aflatoxin in groundnuts; 
this intervention was still not cost-effective. NovaSil needs both cost reductions and efficacy 
improvements to become a cost-effective intervention. It is worthwhile to note that in this case it 
does not allow much opportunity for anyone to spend more money to promote or to perform 
extra activities since it would increase the cost of NovaSil. On the other hand, the HBV vaccine 
is much more tolerant to cost and efficacy changes compared with the other three interventions 
in this study.   
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4.4.3.1 Biocontrol 
          Table 4-7. Cost effectiveness ratios of biocontrol at the lower bound level of aflatoxin 
 






4.4.3.2 The postharvest intervention package 
Table 4-9. Cost effectiveness ratios of the postharvest intervention package at the lower bound level of 
aflatoxin 
 






4.4.3.3 NovaSil clay 
Table 4-11. Cost effectiveness ratios of NovaSil clay at the lower bound level of aflatoxin 
 
Table 4-12. Cost effectiveness ratios of NovaSil clay at the upper bound level of aflatoxin 
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4.4.3.4 Hepatitis B vaccine 
Table 4-13. Cost effectiveness ratios of HBV vaccine at 59% attributable fraction of HBV on liver cancer 
 





In our previous chapter, we have shown that the HBV vaccine is an effective intervention to 
control liver cancer in Nigeria. In this study, we show that the HBV vaccine is a cost-effective 
intervention based on WHO  criteria. Aside from preventing liver cancer developments, an 
immunization against the HBV also reduces the chance of acute infections by the HBV and 
reduces other consequences of chronic HBV infections, including cirrhosis. Therefore, total 
benefits of the HBV vaccine could be much more than the numbers presented in this study. 
None of the aflatoxin control interventions selected in our studies show superior efficacy 
to prevent liver cancer in Nigeria over the HBV vaccine. Though at the upper bound level of 
aflatoxin, biocontrol can be a cost-effective intervention; the other two interventions are less 
likely to be cost-effective. At the lower bound aflatoxin level, reducing the costs or improving 
the efficacy will increase the chance of biocontrol to be a cost-effective intervention. In order to 
be worthy, huge cost reductions (<30% of the original cost) together with efficacy improvements 
are needed for the postharvest intervention package. Because the cost of wooden pallets–used for 
uplifting stored groundnuts bags– was the main cost of this package, using readily available 
materials in households would greatly reduce the cost of the intervention. Since a Nigerian 
consumes a much larger amount of maize than groundnuts; therefore, one of the strategies to 
improve the efficacy of the postharvest intervention package is to apply this package to maize.  
To become a cost-effective intervention, NovaSil requires both cost reductions and 
efficacy improvements in most of cases. One possible way to reduce the cost and improve its 
efficacy is by targeting this intervention to high risk populations, such as individuals who are 
HBV-positive.               
Though some aflatoxin control interventions are not worthy to prevent liver cancer in 
Nigeria if preventing liver cancer development is the only outcome of interest, it can be 
misguided for anyone to inscribe these interventions to be non-worthy without taking into 
account of their other benefits, such as preventing growth impairment induced by aflatoxin. In 
the next two chapters, we reviewed the associations between aflatoxin and growth performances 
in animals and humans and performed the cost-effective assessment to determine whether the 
cost-effectiveness results change if benefits from preventing growth impairment are included.    
 
76 
5.0  AFLATOXINS AND GROWTH IMPAIRMENT: A REVIEW 
Pornsri Khlangwiset1, Gordon S. Shephard2, Felicia Wu1* 
 




Pornsri Khlangwiset1, Gordon S. Shephard2, Felicia Wu1 
 
1Department of Environmental and Occupational Health, Graduate School of Public 
Health, University of Pittsburgh, Pittsburgh, PA, USA 
2PROMEC Unit, Medical Research Council, P.O. Box 19070 Tygerberg, South Africa 
 
This is a preprint of an article whose final and definitive form has been published in Critical 





5.1 ABSTRACT  
Aflatoxins, fungal toxins produced by Aspergillus flavus and A. parasiticus in a variety of food 
crops, are well-known as potent human hepatocarcinogens. Relatively less highlighted in the 
literature is the association between aflatoxin and growth impairment in children.  F oodborne 
aflatoxin exposure, especially through maize and groundnuts, is common in much of Africa and 
Asia: areas where childhood stunting and underweight are also common, due to a variety of 
possibly interacting factors such as enteric diseases, socioeconomic status, and sub-optimal 
nutrition. The effects of aflatoxin on g rowth impairment in animals and human children are 
reviewed, including studies that assess aflatoxin exposure in utero and through breastfeeding.  
Childhood weaning diets in various regions of the world are briefly discussed.  O ur review 
suggests that aflatoxin exposure and its association with growth impairment in children could 
contribute a significant public health burden in less developed countries.  
5.2 INTRODUCTION 
5.2.1 Aflatoxins 
Much of the policy attention surrounding aflatoxin, a common contaminant in the global food 
supply, has focused on its role in inducing liver cancer in humans (132, 223-225); with little or 
no attention devoted to the role of aflatoxin in growth impairment. Among other reasons, it is 
because the weight of evidence linking aflatoxin to human growth impairment has historically 
been much weaker than that linking aflatoxin to human liver cancer.  However, animal studies 
over the last several decades have demonstrated a significant association between aflatoxin and 
growth impairment; and, especially in the last decade, epidemiological studies have emerged 
suggesting similar effects in human children.  Validation of serum- and urine-based biomarkers 
of aflatoxin exposure and effect in the last two decades has greatly assisted these epidemiological 
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studies (Groopman et al. 2008).  In this paper, we review the literature associating aflatoxin with 
growth impairment in both animals and humans.  
Aflatoxins are secondary metabolites of the fungi Aspergillus flavus, A. parasiticus, and 
occasionally other Aspergillus species.   These fungal species are prevalent in food crops, 
particularly maize, groundnuts, oilseeds, and tree nuts, in tropical and subtropical regions 
worldwide.  Factors that influence whether these fungi produce aflatoxin include drought stress and 
rainfall, adaptation ability of crop genotype for its climate, insect damage, and agricultural 
practices (226).  These fungi can also produce aflatoxin in postharvest conditions: food storage, 
transportation, and processing.  Maize and groundnuts are the major sources of aflatoxin exposure 
in humans (the number of exposed persons exceeding several billion) because of the high 
consumption rates of these foods worldwide and their susceptibility to Aspergillus infection (6).  
Aflatoxin B1 (AFB1), the most toxic form of the aflatoxins, is the most potent naturally 
occurring chemical liver carcinogen known.  For people who are chronically infected with 
hepatitis B virus (HBV; common in China and Africa), aflatoxin consumption synergistically 
increases the risk of hepatocellular carcinoma (HCC; liver cancer) compared with either 
exposure alone (121).  Acute aflatoxicosis, characterized by hemorrhage, acute liver damage, 
edema, and death, can result from extremely high doses of aflatoxin in the diet (227).  In 2004 
and 2005, hundreds of acute aflatoxicosis cases in Kenya and 125 deaths were associated with 
the consumption of contaminated home-grown maize (6).  Aflatoxin exposure has also been 
associated with immunotoxicity in humans (10, 20, 22, 23); and, as this review highlights, with 
stunted growth and other indicators of growth impairment in children. 
5.2.2 Growth impairment and global burden of disease 
Childhood growth performance is usually measured by one or more of three indicators: height 
for age, weight for age, and weight for height. Based on W HO definitions, children whose 
heights for ages, weights for ages, and weights for heights are two standard errors or more below 
WHO growth standards (z score ≤ –2) are considered to be stunted, underweight, and wasted, 
respectively (228). Wasting is an indicator of deficits in tissue and fat mass, which may be 
caused by acute malnutrition; while stunting is regarded as  the indicator of chronic malnutrition. 
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The prevalence of severe wasting decreases by 24 months of age, while stunting prevalence 
increases by age and reaches a plateau at 24–36 months (229, 230). 
Stunting is a widely used indicator of chronic malnutrition in early childhood, including 
malnutrition during fetal development due to poor maternal nutrition.  Children are considered 
stunting if their height-for-age z-score (HAZ) is -2 or lower. Once established, stunting and its 
effects usually last for years.  Children who are stunted often develop long-term developmental 
and cognitive problems, and are more vulnerable to infectious diseases (231).  In one study, 
Filipino children aged between 8 and 11 years old who were stunted as two-year-olds had 
significantly lower test scores than non-stunted children later in life; as well as delays in school 
enrollment, increased school absences, and repetition of school years (232).  
An average disability weight, a weight factor that reflects severity of a disease, of 0.002 
for each stunting case, based on a 0–1 scale assigned by the World Health Organization (208), is 
relatively low compared with other conditions, diseases, or injuries. This is because the 
associated risk factors of stunting (increased susceptibility to infectious disease, cognitive 
impairment) are not included in the estimation of the disability weight of stunting.  However, 
stunting may still cause a high global burden of disease because of its prevalence, as well as its 
associated risk factors, and hence deserves public health attention. In 2004, an estimated 182.7 
million children in developing countries were considered to be stunted. 70% of these stunted 
children live in South and Southeast Asia and sub-Saharan Africa (208).  Globally, 21% of 
deaths and disability adjusted life years (DALYs)  in children aged five years and under are 
estimated to be attributed to stunting, severe wasting and intra-uterine growth restriction (229).  
Table 5-1 lists socioeconomic characteristics of selected nations worldwide, and 
estimated dietary aflatoxin exposure and proportion of stunted children.  Though the relationship 
is not consistent, it appears that in general, the proportion of childhood stunting is directly 
correlated with proportion of population living below the national poverty line, and inversely 
correlated with GDP per capita. As is the case with HCC, childhood stunting is prominent in 
world regions where foodborne aflatoxin exposure is high: South and East Asia, and sub-Saharan 
Africa.   
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Table 5-1. Economic, aflatoxin exposure, and health characteristics of selected nations. 
Country 
% population living 
below national poverty 
line (233) 
GDP per capita, 2010 







Argentina NA 15,030 0–4 8 
China 5 7,240 17–37 22 
France NA 34,250 0.3–1.3 NA 
The Gambia 58 1,479 4–115 28 
India 29 3,176 4–100 48 
Kenya 52 1,783 3.5–133 36 
Nigeria 34 2,357 139–227 43 
Philippines 37 3,604 44–54 34 
Spain NA 29,649 0.3–1.3 NA 
Tanzania 36 1,484 0.02–50 44 
Thailand 13 8,479 53–73 16 
USA NA 47,702 0.26 4 
Note: . GDP = gross domestic product per capita, NA = not available, PPP = purchasing power parity 
 
Underweight children are significantly more at risk of death from diseases including 
diarrhea, pneumonia, malaria, and measles. It has been estimated that children with a weight-for-
age z-score (WAZ) of –1 to –2 are twice as likely to die from diarrheal diseases compared with 
children of normal weight, while children with WAZ from –2 to –3 are five times as likely to die.  
Additionally, 52% of pneumonia deaths in children age 5 and under are associated with low body 
weight (234). Although the prevalence of underweight is expected to decrease from 26.5% in 
1990 to 17.6% in 2015, this decrease would not be uniform across the world. In Asia and Latin 
America, childhood underweight is expected to decrease by about 50%, while in Africa, 
underweight prevalence may even increase by 2–3% compared with 1990 (235). WHO does not 
assign a s pecific disability weight to childhood underweight; however, low birth weight is 
assigned a disability weight of 0.106 per case (208). 
Wasting in children (weight-for-height z-score, or WHZ, is -2 or lower) is believed to be 
a condition related to acute malnutrition (236, 237), either from insufficient food intake or 
infectious diseases. Immune system impairment in wasted children makes them more susceptible 
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to infections (238).  As a result, wasting increases the risk of death in children with this condition 
(239).  W HO assigns a disability weight of 0.053 per wasting case.  In 2004, the global 
prevalence of wasting in children aged 5 years and under was about 56.2 million (208). 
This manuscript reviews the evidence linking aflatoxin exposure to growth impairment in 
animals and in human children. We first review the literature on animal studies over the past 50 
years in which associations were found between aflatoxin exposure and reduced feed intake, 
reduced weight gain, and other measures of growth impairment in animals.  Then we describe 
the studies that show evidence of aflatoxin exposure in children in various parts of the world, 
review a previously examined association between aflatoxin exposure and kwashiorkor (a 
disease of protein energy malnutrition), and discuss the studies that link aflatoxin exposure with 
stunting, underweight, and wasting in children. We describe weaning foods in various cultures 
worldwide, and end with a discussion of possible mechanisms by which aflatoxin may result in 
growth impairment in animals and humans. 
5.3 AFLATOXIN AND GROWTH IMPAIRMENT IN ANIMALS 
The adverse effects of aflatoxin on various indicators of growth performance have been 
demonstrated in multiple animal species over the last five decades.  Reduced feed intake and 
subsequent weight gain reduction in animals exposed to aflatoxin have been reported in mule 
ducklings (240), mice (241), Japanese quail (242), Cherry Valley commercial ducks (243), 
chickens (71, 244-252), turkeys (246), pigs (21, 253-262), Nile tilapia (263), and channel catfish 
(264).  
In addition, increases in feed conversion ratio (FCR)–defined here as the mass of food 
intake per unit weight gain by the animal−were prominent in the animals dosed with aflatoxin 
(244, 246, 253, 254, 258,  265, 266). Aflatoxin at relatively lower doses (100–300 μg/kg) did not 
affect six-month old steer; but their weight, feed intake, and feed efficiency were adversely 
affected at higher doses (700–1,000 μg/kg) (265).  While channel catfish and rainbow trout were 
not affected by 2,154 μg/kg of purified aflatoxin in feed diet in terms of growth rate, FCR, or 
liver lesions (264), Nile tilapia showed significant reduction in weight and feed consumption 
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when exposed to 1.8 mg/kg diet (1,800 μg/kg) or higher doses of aflatoxin for 25 days (263).  
Taken together, these studies suggest that aside from reducing feed intake and weight gain, feed 
conversion efficiencies across multiple animal species were also reduced by aflatoxin exposure 
in the diet.   
Several studies observed effects of aflatoxin on growth in baby animals as a result of in 
utero exposure through maternal feed.  The effect of aflatoxin on of fspring was reported by 
Butler and Wigglesworth in 1966, who observed growth retardation in rat pups whose mothers 
were fed high doses of aflatoxin during late pregnancy (267). The fetuses of hamsters 
administered aflatoxin intra-peritoneally at doses of 4 mg/kgBW or 6 mg/kgBW on days 8 and 9 
of pregnancy experienced growth retardation, compared with controls, but there were no 
significant differences in malformations between the two groups (268).   Kihara et al. (2000) 
reported lower mean body weight, delayed physical and behavioral development in the pre-
weaning phase, and disability of locomotor coordination and impaired avoidance performance in 
the post-weaning periods, in rat pups whose mothers were exposed to 0.3 mg/kg/day of aflatoxin 
subcutaneously during pregnancy. Moreover, they found that numbers of live births were 
affected by aflatoxin exposure during prenatal periods (269). Maternal exposure to AFB1, not 
AFG1, decreased body weights of piglets significantly (270). While aflatoxin did not affect 
average egg production, feed conversion, and body weight, it affected feed consumption and egg 
weight of laying Japanese quail (271).  
 Table 5-2 and table 5-3 contain summaries of animal studies showing an association 
between aflatoxin exposure and growth reduction, in animals that directly consume aflatoxin 
(table 5-2) and in utero: in baby animals whose mothers were exposed to aflatoxin during 
pregnancy (table 5-3).  
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Table 5-2. Animal studies of the effects of aflatoxin exposure on animal growth. 
Animal Aflatoxin dose and 




0 (A), 0.2 (B), 0.7 (C),1.1 
(D) mg/kg feed 
(16 weeks)  
No significant difference in body weight 
between groups. Increase in FCR [4.53 (A), 
4.55 (B), 4.67 (C), 4.76 (D)] (p<0.05) 





0 (A), 1.0 (B), 2.0 (C), 4.0 
(D) mg/kg feed (13 wks) 
Increase in FCR [3.14 (A), 3.82 (B), 4.13 
(C), NA (D)a] (p<0.001) 
 




<2 (A), <8 (B), 51 (C), 105 
(D), 233 (E) μg/kg feed  
(120 days) 
No significant effect on weight gain or feed 
conversion 





<6 (A), 450 (B), 615 (C), 
810 (D) μg/kg feed  (120 
days) 
Decrease in ADG at the dose of 615 and 
810 μg/kg feed [0.71 kg (A), 0.60 kg (C), 
0.47 kg (D)] (p<0.05) 




0(A), 100 (B), 300 (C), 700 
(D), 1 000 (E) μg/kg (133 
days) 
Decrease in ADG at 700, and 1 000 μg/kg 
(p<0.01) [1.14 kg (A), 0.86 kg (D), and 
0.79 kg (E)]  
Increase in FCR at 700, and 1 0 00 μg/kg 
(p<0.01)  [5.7 (A), 6.4 (D), 6.6 (E)]  






0 (A), DMSO (B), 5 
mg/kgBW of AFB1 in 
DMSO, 7 mg/kgBW of 
AFB1 in DMSO 
(IP single dose in 76 hrs) 
Weight gain in 0, and DMSO groups 
[13g/rat (A), 15 g/rat (B)] 
Weight lost in 5 and 7 mg/kgBW of AFB1 
in DMSO groups [1 g/rat (C), 8g/rat (D)]  





DMSO, 10 mg/kgBW of 
AFB1 in DMSO (IP single 
dose in 54 hours) 
Weight gain in DMSO group [8g/rat] 
Weight lost in 10 mg/kgBW of AFB1 in 
DMSO group [20 g/rat (C)] 




0 (A), 0.3 (B),1.25(C), 2.0 
(D)  mg/kg (28 days) 
Decrease in body weight and food intake 
Increase in FCR  (p<0.001) 





Table 5-2 (continued) 
Animal Aflatoxin dose and 




0 (A), 5 mg/kg feed 
aflatoxin (B), exercise (C), 
5 mg/kg feed aflatoxin 
+exercise (D) 
(24 days)  
Decrease in body weight in aflatoxin 
treated group which can be partially 
improved by exercise [557.6±9.3 g (A), 
542.7±9.0 g (B), 366.8±7.4 g ( C), 
412.5±7.4 g (D)]. Increase in FCR in 
aflatoxin treated group [1.54 (A), 1.89 
(C)] 
Randall and Bird  
(1979) 
 
Layer type chicks 
(n=40 –48) 
0 (A), 5 mg/kg feed 
aflatoxin (B), exercise (C), 
5 mg/kg feed aflatoxin 
+exercise (D) 
(39 days)  
Decrease in body weight in aflatoxin 
treated group which can be partially 
improved by exercise. 
[469.5±9.9 g (A), 469.5±9.9 g ( B), 
370.8±20.2 g (C), 384.1±14.4 g (D)]. 
Increase in FCR in aflatoxin treated 
group [1.59 (A), 1.75 (C)]. 




0 (A), 5 mg/kg feed 
aflatoxin (B), exercise (C), 
5 mg/kg feed aflatoxin 
+exercise (D) 
Decrease in body weight in aflatoxin 
treated group which can be partially 
improved by exercise. 
[510.5±12.5 g (A), 502.0±12.0 g (B), 
414.9±19.8 g (C), 434.0±8.1 g (D)]. No 
difference in FCR. 
Randall and Bird  
(1979) 
Pigs 
(n=32: 8 for each 
of 4 g roups of 
pigs) 
20(A), 385 (B), 750 (C), 
and 1 480 (D) μg/kg 
(control: 20 μg/kg group)  
Decrease in ADG (dose-related) [0.77 kg 
(A), 0.67 kg (B), 0.57 kg (C), 0.41 kg 
(D)]; and ADFI  [2.87 kg (A), 2.53 kg 
(B), 2.15 kg (C), 1.61 kg (D)] (p<0.05). 
Increase in FCR  in the 1 480 μg/kg 






0 (A), 0.075 (B), 0.225 (C), 
and 0.675(D) mg /kg feed 
(7 weeks) 
Decrease in body weight in all aflatoxin-
treated groups [2 256±21 g ( A), 2  
098±26 g (B), 1 989±20 g (C), 2 047±24 
g (D)] (p<0.05) 




Table 5-2 (continued) 
Animal Aflatoxin dose and 




0 (A), 0.3(B), 0.9 (C), and 
2.7 (D) mg /kg feed  
(7 weeks) 
Decrease in body weight in only 2.7 mg 
of aflatoxin  per kg feed-group 
[2 024±30 g (A), 1  671±36 g (D)] 
(p<0.05) 
Doerr et al. (1983) 
 
1-day-old broilers  
(n=70) 
0 (A), .625 (B), 1.25 (C), 
2.5 (D), 5.0 (E), and 10.0 
(F) mg/kg feed 
(3 weeks) 
Aflatoxin dose-related decrease in body 
weight at the dose 1.25 μg /g and higher  
[511±32 g (A), 463±16 g (D), 386±25 g 
(E), 286±13 g (F)] and feed consumption 
[851±52 g (A), 773±50 g (D), 703±55 g 




0 (A), 100 (B), 200 (C), 400 
(D), or 800 (E)  μg/kg  
(AFB1)  
(35 days) 
Decrease in percent weight gain at the 
dose of 400 μg/kg  and higher [averaged 
5- week percent weight gain :48.2% (A), 
33.2% (D), 19.7%(E)]. Increase in FCR 
at the two highest doses [FCR averaged 
in 5-week: 1.81 (A), 1.89 (D), 2.28 (E)] 
(p<0.05)  
Giambrone et al. 
(1985) 
14 days old broiler 
chickens (n=200) 
0 (A), 100 (B), 200 (C), 400 
(D), or 800 (E)  μg/kg  
(AFB1) (35 days) 
No significant difference in weight gain 
(p>0.05) 
Increase in FCR at the dose of 800 μg/kg   
[FCR: 2.02 (A), 2.11 (E)] 
Giambrone et al. 
(1985) 
105 days old 
chicks 
(n=120) 
0 (A) , 2.5 (B), 5.0 (C), and 
10.0 (D) mg/kg feed  
(4 weeks) 
Aflatoxin dose related decrease in body 
weight (p<0.05) [1.85±0.03 kg (A), 
1.57±0.05 g ( B), 1.51±0.04 kg ( C), 





0 (A) , 2.5 mg/kg of 
aflatoxin (B) , and 2.5 
mg/kg of aflatoxin + 16 
mg/kg of deoxynivalinol 
(C) (3 weeks) 
Decrease in body weight [626±11 g (A), 
521±12 g (B), 488±9 g (C) ], weight gain 
[490±10 g (A), 397±10 g (B), 365±8 g 
(C)], protein serum levels 
[2.9±0.1g/100ml (A), 2.0±0.1 g/100ml 
(B), and 2.1±0.1 g/100 ml (C)] (p<0.05)  
Huff et al. (1986) 
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Table 5-2 (continued) 
Animal Aflatoxin dose and 
duration of experiment 
Results Study 
5–6 weeks old 
pigs (n= 30: 10 
each in control, 
300 and 500 μg/kg 
groups) 
0, 300 and 500 μg /kg of 
feed  
(10 weeks) 
Decrease in weight gain in both aflatoxin 
treated groups up to 2 kg in 10-week 
period and feed consumption in high 
dose group compared with controls 
(p<0.01) 
Panangala et al. 
(1986)  
1-day-old broilers 
and layer chicks 
(n= 40 each) 
0 (A), 1 (B), 4 (C) mg/kg 
feed  
(4 weeks) 
Aflatoxin dose dependent decrease in 
body weights (p<0.05). Broilers: 
[332±17.81 g (A), 254±14.35 g (B), 
239±13.50 g (C)], Layer chicks : 
[158±3.6 g (A), 139±4.41 g ( B), 
126±5.82 g (C)]  
Ram et al. (1988) 
7- week- old Pigs 
(n=15) 
0 (A), 2.0 mg of aflatoxin 
(B), , 2.0 mg of ochratoxin 
(C), and 2.0 mg of aflatoxin 
+ 2.0 mg ochratoxin (D) /kg 
of feed (28 days) 
Decrease in body weight gain in all 
aflatoxin –treated groups 
[18.2±0.9 kg ( A), 13.5±0.8 kg ( B), 
13.8±1.0 kg ( C), 8.8±0.9 kg (D)] 
(p<0.05)  




0, 100, 404, 2154, or 10 000 
μg/kg (10 weeks) 
Decrease in weight gain in the 10 000 
μg/kg group by 24% compared with the 
control (p<0.05)[weight gain per fish in 
the highest dosed group = 60 g compared 





0 (A), 420 ( B) , 840 (C) 
μg/kg feed (49 days) 
Decrease in ADG [0.52 kg (A), 0.46 kg 
(B), 0.28 kg C)]; ADFI [1.13 kg (A), 
0.95 kg (B), 0.67 kg (C)]  
Increase in FCR [1.72 (A), 1.92 (B), 2.70 
(C)] (linear p<0.01, and quadratic, p< 
0.05) 




0 (A), 800 (B) μg/kg feed  
(42 days) 
Decrease in ADG  [0.64 kg  (A), 0.41 kg 
(B)], ADFI [1.32 (A), 0.82 kg (B)]  
Lindemann et al. 
(1993) 
Weanling pigs  
(n=96) 
0 (A), 922 (B) μg/kg feed (6 
weeks) 
Decrease in ADG [0.505 kg (A), 0.392 
kg (B)] and ADFI [1.10 kg (A), 0.88 
kg(B)] (p<0.01) 




Table 5-2 (continued) 
Animal Aflatoxin dose and 
duration of experiment 
Results Study 
Weaned Pigs  
(n=54)  
0 (A), 800 (B) μg/kg feed  
(4 weeks)  
Decrease in ADG [0.64 kg (A),  0.48 kg 
(B)] (p<0.05), ADFI  [1.32 kg (A), 1.0 kg 
(B)] (p>0.05) 
Increase in FCR [2.08 (A), 2.43 (B)] 
(p<0.05)   
Schell et al., 
(1993b) 
Weaned Pigs  
(n=81)  
0 (A), 500 (B) μg/kg feed  
(5 weeks)  
Decrease in ADG [0.66 kg (A), 0.46 kg 
(B)], ADFI [1.41 kg (A), 0.97 kg (B)] 
(p<0.05)   
Schell et al. 
(1993b) 
Weaned Pigs  
(n=63)  
0 (A), 800 (B) μg/kg feed  
(4 weeks)  
Decrease in ADG [0.63 kg (A), 0.52 kg 
(B)] (p<0.05), ADFI [1.29 kg (A), 1.02 
kg (B)] (p<0.01)    




0 (A), 0.94 (B), 1.88 (C), 
0.375(D), 0.752 (E), 1.50 
(F), 3.0 (G) mg/kg diet  
(25 days following with 
basal diet for 50 days) 
Decrease in ADG, and ADFI, but not 
FCR in 1.88 mg/kg group and higher  
ADG: [10.87–11.30 g (A),  7.28 g (C), 
7.10g (D), 4.78 g (E), 3.25 g (F), 3.66 g  
(G)]  (p<0.01 ) 
ADFI: : [0.143-0.160 g (A),  0.115 g (C), 
0.116 g (D), 0.711 g (E), 0.052 g (F), 





0 mg aflatoxin in soybean 
meal (A), 0 mg aflatoxin in 
fish meal (B), 2.5 mg/kg 
diet soybean meal (C) or 
2.5 mg/kg diet fish meal 
(D) 
(35 days, followed by 32 
days wash out period)  
Decrease in feed intake, daily gain, in 
aflatoxin-fed lambs (p<0.05) during 
treatment period and wash out period.  
ADG: 0.53 kg (A), 0.24 kg  (C), 0.50 kg 
(B), 0.05 kg (D). ADFI: 4.19 kg (A), 2.74 
kg (C), 4.05 kg (B), 1.70 kg (D) 
Increase in FCR in aflatoxin-fed lambs 
(p<0.05) 
FCR:  7 .6 (A), 11.2 (C), 7.6 (B), –45.5 
(D)   




0 (A), 3 (B) mg/kg feedb  
(28 days) 
Decrease in weight gain [19.1±0.73 kg 
(A), 10.7±1.06 kg (B)] (p<0.05)  




Table 5-2 (continued) 
Animal Aflatoxin dose and 
duration of experiment 
Results Study 
Pigs (n=27) 0 (A), 2.5 mg AF /kg feed 
(B), 2.5 mg of AF/kg feed + 
2400 IU tocopherol (C) (32 
days) 
Decrease in body weight [38.4±3.9 kg 
(A), 22.0±2.0 kg (B), and 23.5±3.0 kg 
(C)], and feed consumption  [138±20.0 
kg (A), 41±4.5 kg (B), and 45±2.0 kg 
(C)] (p<0.05) 




0 (A), 2.5 (B), 2.5 mg of 
aflatoxin plus 100 mg of 
fumonisin  B1/kg of feed 
(C)  (35 days) 
Decrease in body weight [49.2 kg (A), 
33.2 kg ( B) , 23.9 kg ( C)], weight gain 
[31.6 kg ( A), 15.8 kg ( B) , 6.3 kg ( C)] 
and feed consumption per pen   [153.7 kg 
(A), 89.0 kg (B) , and 42.7 kg (C)] 
Harvey et al. 
(1995b) 
1- day-old broiler 
chicks 
(n=40) 
0 (A), 0.5(B) mg/kg feed 
(32 days)  
Decrease in body weight [246.32±2.14g 
(A), 140.79±1.31 g (B) ], percentage 
weight gain [100% (A), 57% (B)], and 
total feed consumption [691.0 g (A), 
590.0 g (B)](p<0.01)   




0 (A),200 (B) μg/kg feed  
(3- week) 
Decrease in daily feed intake 
[37.74±2.57g (A), 31.99±0.33 g (B)], and 
average daily weight gain [25.29±1.23 g 
(A), 21.24±1.25 g (B)] (p<0.05). 




0 (A), 240 , 480 μg/kg feed  
(30 days) 
Decrease in ADG [489±18g (A), 
453±12g (B), 326±17g (C) ] (p<0.05) 





0(A), 25 (B), 50 (C), or 
100(D) μg /kg feed (AFB1) 
(168 days) 
Decrease in ADFI groups exposed to 50 
and 100 μg AFB1/kg.  [28.69±2.17g (A), 
27.57±1.81g (C), 27.76±1.85g (D) 
](p<0.05) 
No effect: Average egg production, feed 
use, and body weights (p> 0.05) 




Table 5-2 (continued) 
Animal Aflatoxin dose and 
duration of experiment 
Results Study 
6-week-old male 
Swiss albino mice  
(n=70) 
0 μg AFB1 + 5% protein 
diet (A), 0 μg AFB1 + 20% 
protein diet (B), 0.5 μg 
AFB1/day + 5% protein diet 
(C), 0.5 μg AFB1/day + 
20% protein diet (D) (7 
weeks).  
Decrease in percent weight gain 
(p<0.001) in aflatoxin/normal 
protein- fed mice (D) compared with 
nonaflatoxin/normal  protein treated (B),  
but contrast to the low diet groups  [4% 
(A), 18.2% 
(B), 7.2%(C) and 12.2% (D)].  
No significant difference of total protein 
and albumin levels between aflatoxin 
treated and non-aflatoxin treated mice (p 
> 0.05) 




0 (A), 5 (B) mg/kg of AFB1 
in feed (3 weeks) 
Decrease in weight gain [866±12.7 g (A), 
699±38.5 g (B)] (p<0.05) and feed intake 
[1369±45.7 g (A), 957±183.5 g ( B)] 
(p<0.05)]. No change in FCR.  









Decrease in ADG in 20 a nd 40 μg/kg 
AF-treated groups [48.21±2.5 g ( A), 
42.52±2.5 g (B), and 37.44±2.7 g (C)]; 
and feed intake in the high dose group 
[142.20±4.6 g (A), 130.28±3.5 g]. 
Increase in FCR in both aflatoxin-treated 
groups [2.95±0.02 (A), 3.31±0.04 (B), 
3.48±0.04 (C)] (p<0.05) 
Han et al. (2008) 
Note: Letters (e.g., A, B, C, D) represent different dose groups.  a Eight of 15 pigs in 4.0 mg/kg feed had severe 
morbid, hemorrhaged or died. bAflatoxin content consists of 79% AFB1,16% AFG1, 4% AFB2, and 1% AFG2,    
ADG =average daily gain, ADFI = average daily feed intake, DMSO = dimethylsulfoxide, FCR= feed conversion 
ratio, IP= intraperitoneal,  NA = not available, , only animals referred in “aflatoxin dose and duration” were counted 
for sample size  
 
In summary, 30 animal studies are documented here (table 2). Twenty-nine of 30 studies 
indicated that animals treated with aflatoxin showed reduced weight gain or some deviant signs 
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such as reduced feed intake or increased feed conversion ratio. Only one study reported non-
significant effect in either body weight or feed conversion. 
 
Table 5-3. Studies showing an association between aflatoxin exposure in utero and reduced growth in baby 
animals. 




Rats: (n= 25) 0 (n=NA), 1 mg 
crystalline aflatoxin in 
0.1–0.2 ml of 
dimethylformamide 
(dosed orally as single 
dose at d 6  (n=6), d6–
d12 (n=10), and d16 of 
gestation (n=9)) 
Decrease in fetal weight (p < 0.01) in 
offspring rats born from mothers given 
aflatoxin in late pregnancy [4.75± 0.059 g 




Hamster   
(n= 40: 16 control, 24 
tested) 
4 or 6 mg/kg of 
crystalline AFB1 by i.p. 
injection on days 8 and 
9 of pregnancy 
Decrease in fetal growth in offspring 
hamster by 0.5–0.7 centimeter differences 
in length (p<0.01) 
Schmidt and 
Panciera  (1980) 
2 –3 years old sows 
and their piglets 
(n=24) 
0 (A), 800 μg/kg 
AFG1(B),  800 μg/kg 
AFB1(C), 800 μg/kg 
AFG1+800μg/kg AFB1 
(D) 
(d60 of pregnancy to 
d28 of lactation) 
Decrease in piglets’ body weight in AFB1 –
treated groups, but not in AFG1–treated 
group[: [6.51±0.42 g (A), 5.66±0.39 g (B), 
5.32±0.63 g (C), 5.25±0.44 g (C)]  
(p<0.05, and < 0.005 for C and D groups, 
respectively 




Table 5-3 (continued) 




Rat, pregnant and 
offspring 
(n=30, 10 of each 
three groups) 
0 (A), 0.3 mg/kg/day 
AFB1 dissolved in 
dimethylsulfoxide 
subcutaneously on days 
11–14 (B) or 15–18  (C) 
of gestation 
Decrease in mean birth weights in both male 
and female offspring treated with AFB1 
[Male: 5.7±0.1 (A), 5.1±0.1 (B), 4.7±0.3 
(C); Female: 5.4±0.1 (A), 4.9±0.1 (B), 
4.7±0.3 (C) ] (p<0.05), decrease in number 
of live births in the group exposed to AFB1 
on d15 –18 [15.2±0.5 (A), 12.9±0.9] , 
delayed physical development, and delayed 
behavioral developments during pre-
weaning period, impaired locomotor 
coordination and deficits in avoidance 
performance in postweaning period 
Kihara et al., 2000 




0(A), 25 (B), 50 (C), or 
100(D) μg /kg feed 
(AFB1) 
(168 days) 
Decrease in egg weight (p < 0.05)  in 
groups exposed to 50 and 100 μg AFB1/kg 
[10.67±0.24 (A), 10.53±0.21 (C), 
10.51±0.21 (D)].   
Increase : Percent shell of total egg weight 
(p< 0.05) in 100 μg AFB1/kg fed group 
Oliveira et al. 
(2002) 
Note: Only animals referred in “aflatoxin dose and duration” were counted for sample size 
 
Table 5-3 lists five animal studies which show the association between in utero aflatoxin 
exposure and growth parameters in baby animals. All five studies reported either the reduced 
fetal weights/ egg weights or fetal lengths of the offspring animals.    
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5.4 AFLATOXIN AND GROWTH IMPAIRMENT IN HUMANS 
5.4.1 Aflatoxin exposure in utero and in early childhood 
Exposure to aflatoxin begins early in the lives of many children worldwide.  Children may be 
exposed to aflatoxin through maternal food intake in utero, through breastfeeding, and through 
weaning and post-weaning foods; particularly where maize and groundnuts are dietary staples. 
Aflatoxin exposure increases most dramatically after children are weaned from breastfeeding 
(272). However, even in utero exposures can have a s ignificant effect on faltering in infant 
growth (32). 
Detection of aflatoxins and aflatoxin-albumin adducts (AF-alb) in the cord blood of 
babies in various countries confirm that children are exposed to aflatoxin and/or its metabolites 
in utero.  In a Taiwanese study, 11 of 120 placentas were found to contain aflatoxin DNA adduct 
levels ranging from 0.6 to 6.3 μmol/mol DNA.  In the same study, aflatoxin DNA adducts were 
detected in 6 of 56 cord blood samples in the range of 1.4–2.7 μmol/mol DNA (273).  Aflatoxin 
M1 (AFM1), a metabolite of AFB1, was detected in 68% (113/166) and 67% (111/ 166) of 
maternal blood and cord blood samples of neonates studied in the United Arab Emirates, with 
mean levels of 1040 pg/ml and 1880 pg/ml, respectively (274). 
Of 282 cord blood samples from Ghana, 101 samples from Kenya, and 78 samples from 
Nigeria, aflatoxins were detected in 31%, 37%, and 12%, respectively (275, 276). Though the 
detection rate of AF-alb in maternal blood samples was not stated, the levels of AF-alb found in 
755 Ghanaian mothers in a cross-sectional study were reported to range from 0.44 to 268.73 
pg/mg (29). Detectable levels of aflatoxins were found in 22% to 82% of cord blood of Nigerian 
neonates (277, 278), and 58% of the cord blood samples from Sierra Leone (279). AF-alb was 
detected in 29 of 30 (97%) maternal blood samples, and 22 of 30 (70%) matched umbilical cord 
blood sera from Gambian neonates (280). Turner et al. (2007) found AF-alb ranging from 5 
pg/mg to 896 pg/mg in 48 out of 99 (48%) Gambian cord blood samples.   
The studies in Kenya (275) and Sierra Leone (279) showed higher detection rates of 
aflatoxins in maternal blood samples (53% and 75%) compared with cord blood (37% and 58%). 
By contrast, aflatoxins (AFB1, AFG1, AFQ1) were detected with much greater frequency in Thai 
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cord blood samples (17 of 35) compared with the maternal blood samples (2 of 35), indicating 
trans-placental transfer of aflatoxins from mothers to fetuses (281). However, low trans-placental 
transfer of AF-alb or low efficiency of fetal metabolism to change free aflatoxins to the AF-alb 
form has been suggested, because of the much greater levels (up to 10 t imes) of AF-alb in the 
venous blood of Gambian mothers compared with those in matched cord blood samples (280).   
One study conducted to determine the efficacy of fetal-specific CYP3A7 and adult specific 
CYP3A4 in hamster rat found similar level of enzyme expressions to activate AFB1 in both 
CYP3A lines (282). An in vitro study was conducted in guinea pigs to compare the formation rates 
of aflatoxin-DNA adduct and AF-alb between adult and second trimester prenatal livers. Whereas 
lower expression of two aflatoxin detoxification enzymes, microsomal epoxide hydrolase and 
polymorphic glutathione S-transferase, and higher expression of lipooxygenase – an enzyme which 
can activate AFB1 to form AFB1-DNA adduct (283) – were detected in prenatal livers compared 
with adult livers, the formation rates of DNA-adducts and protein adducts in prenatal livers and 
adult livers were not different (284).  Recently, a human in vitro study showed that AFB1 was 
metabolized by human placentas to aflatoxicol, a less mutagenic but equally carcinogenic 
metabolite of AFB1 (285). However, fetal metabolism can be greatly different from adult 
metabolism as a result of reduced hepatic blood flow and incomplete hepatic formation. Still, 
little is known about biotransformation of aflatoxins in fetuses, and further studies are needed. 
The presence of aflatoxins, particularly AFM1, in maternal breast milk in several regions 
indicates that children worldwide may be exposed to aflatoxins through breastfeeding. Though 
AFM1 was found in none of the breast milk samples from French (286) and German mothers 
(287), about 30% to 60% of breast milk samples from Sudanese (288), Kenyan (275), Ghanaian 
(275, 276), and Egyptian mothers (289, 290) contained detectable levels of aflatoxins.  In Sierra 
Leone, 99 of 113, or 88%, of breast milk samples from mothers contained detectable levels of 
aflatoxins (291). However, only 11% of the breast milk samples from Zimbabwean mothers 
(286) and 5% of breast milk samples from mothers in Cameroon (292) were AFM1 positive.  
In Asia and the Middle East, AFM1 was detected in 20 out of 91 breast milk samples of 
Iranian mothers with the mean concentration of 6.96±0.94 pg/ml (293). About 45% of Thai 
mothers had detectable AFM1 in breast milk with a median concentration of 664 pg /ml. The 
AFM1 levels in Thai mothers ranged from 39 pg/ml to 1736 pg/ml (294). Very high percentages 
of the UAE mothers– more than 90%– had detectable levels of AFM1 in the breast milk (30, 
94 
295). Whereas two prior studies detected aflatoxins in only one of 231 (0.4%) and eight of 61 
(13%) breast milk samples from Turkish mothers (296, 297), aflatoxins were detected in all of 75 
breast milk samples from the lactating Turkish mothers in a more recent study (298). This 
discrepancy may have many causes, including differences in analytical methods, differences in 
study populations, or issues of seasonality. 
Gong et al. (2003, 2004) found that in Benin and Togo childhoods, AF-alb levels 
increased with age until three years old. This trend reflected the transitioning of children from 
breastfeeding to weaning and post-weaning foods. Children who were completely weaned had 
higher levels of AF-alb than breastfed or partially breastfed children.  
Because of multiple routes of exposure beginning from the fetal environment, high 
percentages of children in various countries have been exposed to aflatoxins, as detected in 
multiple studies. About 85% to 100% of children in African countries, such as Gambia, Guinea, 
Kenya, Benin, Togo and Senegal had either detectable levels of serum AF-alb or urinary 
aflatoxins (22, 36, 272, 299-302, 303, 1993). Levels of AF-alb in children from industrial nations 
are typically significantly lower than those living in less developed countries. Wild et al. (1990) 
found AF-alb levels as high as 350 pg/mg in almost all sera  o f children in various African 
countries. By contrast, none of the French or Polish sera contained AF-alb at levels higher than 5 
pg/mg albumin (303). 
The seasonality of sampling has been addressed in a number of studies (273, 275, 276, 
278, 290, 300, 303, 304). Many studies had detected aflatoxins in human body fluids more often 
in the wet season than the dry season. Some of them include the studies which determined 
aflatoxins in the cord blood samples from Kenya and Nigeria neonates (275, 278), AFM1 in the 
breast milk of Ghanaian mothers (276), and aflatoxins in the Taiwanese breast milk samples 
(273). Similarly, AFB1, AFB2, AFG1, and aflatoxicol were detected more often in the urine 
samples of Sierra Leone children collected during the rainy season, compared with the dry season 
(304). On the other hand, in two Gambian studies, AF-alb was detected more frequently in the 
serum of Gambian children collected during the dry season than the wet season (300, 305). 
Aflatoxin development in storage, after groundnuts had been harvested at the end of the wet 
season, was expected to be the cause of the elevated levels of AF-alb in the dry season (300, 306).  
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5.4.2 Past studies on aflatoxin and kwashiorkor 
An area of inquiry that had gained notice several decades ago concerned the possible link 
between aflatoxin exposure and childhood kwashiorkor, a disease of protein energy malnutrition.  
Both kwashiorkor and marasmus (another childhood condition common in less developed 
countries) are diseases of severe malnutrition. While protein deficiency is a major etiology of 
either kwashiorkor or marasmus, one key difference between these two conditions is that 
kwashiorkor can occur even when caloric intake of the children is sufficient, while marasmus 
can be caused by deficient caloric intake. Children with marasmus are less likely to suffer from 
fatty liver or edema: classical manifestations of kwashiorkor. Other symptoms of kwashiorkor 
include light-pigmented hair and skin and anorexia (307). An individual with edema from 
kwashiorkor and wasting from marasmus is considered to have marasmic kwashiorkor (308). 
While marasmus is sometimes perceived as an adaptive response to starvation, kwashiorkor is 
considered a maladaptive response to undernourishment (307, 309, 310).    
Since the 1980s, several studies have examined the possible association between 
aflatoxin exposure and kwashiorkor (292, 311-316). These studies found that aflatoxins or their 
metabolites were detected with greater frequency in the blood or urine of children with 
kwashiorkor than in healthy children or children with other protein malnutrition-related 
conditions, such as marasmus.  Moreover, aflatoxins were detected more frequently, but not 
statistically significant, in autopsies of lungs and livers, but not in kidneys, of children who died 
from kwashiorkor; compared with those who died from other diseases or other forms of 
malnutrition (312, 315, 317) . It is worthwhile to note that only seven liver specimens were 
included in Lamplugh and Hendrickse, 1982−three from kwashiorkors, three from marasmic-
kwashiorkors and one from  marasmic children. 
Other factors could explain these phenomena, however.  In a study conducted in a 
hospital in Durban, South Africa (318), children with kwashiorkor were matched with controls 
with no symptoms of protein energy malnutrition. Aflatoxins were detected in the serum and/or 
urine of all children. The serum/urine ratio was significantly higher in the kwashiorkor group; 
the controls, however, had a higher proportion of urine aflatoxins than the kwashiorkor group. 
These findings may reflect impaired liver function in kwashiorkor, which could in turn lead to 
differences in how aflatoxin is metabolized; rather than aflatoxin’s playing any direct role in 
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causing kwashiorkor.  Indeed, it has been proposed that children who suffer from kwashiorkor 
are at greater risk to the hazards of dietary aflatoxin (37). 
5.4.3 Aflatoxin and growth impairment in children 
Various studies have demonstrated that aflatoxin exposure, through a variety of sources as 
described above (in utero, through maternal breast milk, and in weaning diets), is linked with 
growth impairment. Table 5-4 summarizes the studies that have shown an association between 









ages 16–37 months 
(n=200) 
a) Significant negative correlation (p < 0.0001) between AF-alb 
adduct and height increase over 8-month study period 
b) A mean 1.7 cm reduction difference in growth over 8 months in the 
AF-alb adduct highest quartile, compared with the lowest quartile 
c) No association between AF-alb and micronutrient levels 
Gong et al. (2004) 
Benin and Togo/ 
Children ages nine 
months to five 
years (n = 480) 
a) Negative correlation between individual AF-alb adduct and HAZ, 
WAZ, WHZ (p=0.001, 0.005, 0.047 respectively) 
b) Factors influence AF-alb adduct level: age (up to 3 years) and 
weaning status (p= 0.0001) 
c) Twofold higher mean AF-alb adduct levels in weaned children than 
those receiving a mixture of breast milk and solid foods after 
adjustment for age, sex, agro-ecological zone, and socioeconomic 
status 
Gong et al. (2002, 
2003) 
The Gambia/ 
Children ages six 
to nine years old 
(n= 472) 
a) 93%  AF-alb adduct detection rate  
b) Geometric mean level = 22.3 pg/mg; range 5–456 pg/mg) 
c) Significant association between AF-alb adduct and the weight for 
height score (p=0.034) 
d) Significant lower levels of sIgA in children with detectable AF-alb 
adduct compared with those with non-detectable levels [50.4 μg/mg 
protein (95% CI: 48.0, 52.8) and 70.2 μg/mg protein (95% CI:  
61.1, 79.2) respectively, p<0.0001] 
Turner et al. 
(2003) 
The Gambia/ 
Infants to one year 
old (n=138) 
a) The geometric mean AF-alb adduct levels = 40.4 pg/mg (4.8–
260.8), 10.1 pg/mg (5.0–189.6), and 8.7 pg/mg (5.0–30.2) in 
maternal, cord and infant blood, respectively  
b) Associations between the reduction of maternal AF-alb from 110 
pg/mg to 10 pg/mg & 0.8 kg increase in weight & 2 cm increase in 
height of children within first year of life 
c) AF-alb adduct in maternal blood as a strong predictor of both 
weight (p = 0.012) and height (p = 0.044) gain, with lower gain in 
those with higher exposure 
Turner et al., 
(2007) 
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women and their 
infants  (n=785)   
a) Odds ratio of having low birth weight babies in the highest AF-alb 
adduct quartile mothers is 2.09 (p=0.007) 
Shuaib et al., 
(2010) 
Iran/  Lactating 
mothers (n= 160: 7 
preterm delivery 
mothers, and 153 
with full term 
infants) 
b) 98% (157 of 160 breast milk samples) AFM1 positive detection rate 
(average concentration: 8.2±5.1 ng/kg, range: 0.3–26.7 ng/kg) 
c) Significant association between aflatoxin and height at birth of 
infants (p<0.01)  
Sadeghi et al. 
(2009) 
Iran/ Lactating 
women (n=182: 91 
from urban areas in 
Tabriz and 91 from 
rural area)  
a) 22% and 0% detection rates of AFM1 in breast milk of mothers 
living in rural areas, and urban areas, respectively 
b) AFM1 : 6.96±0.94 pg/ml 
c) Significant association between the HAZ of infants and maternal 
AFM1 (p<0.015) 
d) Significant lower scores in HAZ and WAZ of infants born to 
AFM1–positive mothers (p<0.05) 
Mahdavi et al.  
(2010) 
Kenya/ Children 
ages 3–36 months 
(n =242) 
a) Significant association between numbers of children who were 
wasting and were being fed on flour contaminated with aflatoxin 
(p=0.002)  




Pair maternal -cord 




a) 100% cord blood AFM1detection rate in low birth weight neonates  
VS 55% detection rate in normal weight neonates  
b) Strong negative correlation between aflatoxin levels and birth 
weights (r =–0.565, p <0.001)  
 Abdulrazzaq et al. 
(2004) 
Note: AF-alb: aflatoxin albumin adduct, HAZ, height for age z-score, WAZ, weight for age z-score, WHZ: weight 
for height z-score. 
The studies that examined these associations were conducted primarily in the Middle East 
and in Africa.  In a study in the United Arab Emirates, Abdulrazzaq et al. (2004) detected AFM1 
in 100% (43 of 43) of neonates born with low birth weights, but only in 55% (68 of 123) of 
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neonates with normal birth weight.  Aflatoxin levels in the cord blood and maternal blood 
samples were inversely associated with weight at birth (r =–0.565, p =  0.001 and  r  =–0.654, 
p=0.0001)  (274).   
Two recent Iranian studies have linked AFM1 levels in mothers’ breast milk with growth 
impairment in babies. AFM1 was found in 157 of 160 (98%) of breast milk samples collected 
from Iranian mothers living in Tehran, with concentrations ranging from 0.3–26.7 ng/kg.  The 
levels of AFM1 in breast milk were inversely correlated with length of infants at birth (p<0.01) 
(31).  Another study collected breast milk from mothers living in urban areas of Tabriz and its 
surrounding rural areas. Only 22% of breast milk samples from mothers in the rural surroundings 
of Tabriz contained detectable levels of AFM1, and none of the breast milk samples from 
mothers living in urban areas of Tabriz were found to have AFM1.  The levels of AFM1 in the 
breast milk of mothers from rural areas of Tabriz ranged from 5.1–8.1 pg/ml. There was a 
significant inverse relationship between AFM1 levels in maternal breast milk and the height-for-
age z-scores (HAZ) in infants 90–120 days old (β=–0.31, p<0.015). The children whose mothers 
were AFM1-positive had lower HAZ and weight-for-age z-scores (WAZ) than children born to 
mothers with no detectable AFM1 (293). 
In Africa, studies associating aflatoxin exposure with growth impairment in children were 
conducted in Kenya and several West African nations.  In an early study on 125 babies in rural 
Kenya (319), aflatoxins were detected in 53% of mothers’ blood, and the mean birth weight of 
females born to mothers whose blood tested positive for aflatoxin was significantly lower (255 g) 
than those born to mothers with no aflatoxin detected in the blood.  Additionally, the two 
recorded stillbirths were both to mothers who tested positive for aflatoxins. 
A series of studies conducted in Togo and Benin in the early 2000s provides insightful 
information into the cross-sectional, longitudinal, and dose-response aspects of the association 
between aflatoxin exposure and childhood growth impairment (35, 36, 272).  In a cohort of 480 
children aged 9 months to 5 years in these two countries, the prevalence of stunting and 
underweight were reported to be 33% and 29%, respectively (35, 272). AF-alb was detected in 
99% of the children, with a geometric mean level of 32.8 pg/mg (95% CI: 25.3, 42.5).  Clear 
dose-response relationships were found between mean AF-alb levels and lower HAZ and WAZ 
scores. Children who were stunted (HAZ ≤ –2) had 30–40% higher mean AF-alb levels 
compared with non-stunted children.  Household socioeconomic status and maternal education 
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were not significantly associated with AF-alb levels in children. There was no consistent pattern 
between the socioeconomic status of the mothers and the adduct levels in the children (35, 272). 
A subsequent eight-month longitudinal study in 200 children aged between 16 and 37 months in 
Benin showed a significant negative association between height velocity, but not weight, and 
mean AF-alb levels (36). A difference of 1.7 cm over the eight-month study period in adjusted 
height between the highest and lowest AF-alb quartile was observed.  
Unlike Gong et al. (2002), a study in Gambia on a cohort of 472 children between 6–9 
years old did not find that AF-alb levels were associated with HAZ or WAZ (22). It is 
noteworthy that the participants in the Gambian study were born during the implementation of a 
five-year maternal supplementation program, in which pregnant mothers were given two 
groundnut biscuits daily which provided 4,250 kJ, 22 g protein, 56 g fat, 47 mg calcium, and 1.8 
mg iron per day to the mothers (320).  However, a subsequent study did find an association 
between in utero aflatoxin exposure and growth impairment. Following 138 Gambian neonates 
for one year, Turner et al. (2007) found a significant association between aflatoxin exposure in 
mothers during pregnancy and height and weight gain of their infants in the first year of life. 
They concluded that if the maternal AF-alb levels dropped from 110 p g/mg to 10 pg/mg, the 
weights and heights of one-year old infants would increase by 0.8 kg  and 2 cm on average, 
respectively (32).  
In a study in the Kisumu District of Kenya (321), weaning flours from 242 households 
with children aged 3–36 months old were analyzed for aflatoxins. The weights and heights of the 
children were measured to determine prevalence of stunting, underweight, and wasting. While 
only 28% of non-wasted children were from households with aflatoxin contaminated flour, about 
54% of the wasted babies were from households with detectable aflatoxin in the flour. There was 
a significant association between aflatoxin exposure and wasting (p=0.002). Aflatoxins were also 
more frequently detected in the flour of stunted and underweight children compared with normal 
children. However, these differences were not statistically significant (321).  
In a recent cross-sectional study, Shuaib et al. (2010) found levels of AF-alb ranging 
from 0.44 to 268.73 p g/mg in maternal blood samples from 755 G hanaian mothers. After 
adjusting for sociodemographic variables, it was found that the mothers in the highest quartile of 
AF-alb levels were at significantly higher risk of having babies with low birth weight, defined as 
being below 2.5 kg (OR=2.09). There were also increased odds of having preterm deliveries and 
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stillbirths with for mothers who had AF-alb in the highest quartile, though the associations 
between AF-alb and these risk factors were not statistically significant (29). 
5.4.4 Childhood weaning foods  
A focus of interventions to reduce aflatoxin exposure in childhood could be on improving the 
quality and composition of weaning foods.  In Africa and Latin America, childhood weaning 
foods are usually prepared from maize (322), which can lead to high aflatoxin exposures early in 
life. Several maize-based foods such as gruel, ogi (fermented maize gruel), pap (maize porridge), 
and eko – boiled and gelatinized ogi (323) – are used as weaning foods in Africa.  Groundnuts 
can also be commonly used as a weaning food in various African regions. 
The weaning process in the West African countries starts in many cases at early ages, 
when the children are about 3–6 months old (324). Up to 50% of children in Makurdi, Nigeria, 
consume pap as their main weaning food, followed by Cerelac, a commercial infant formula 
(26.5%) and pap mixed with other food (11%) (325). Weaning foods in West Africa are usually 
made of maize, groundnuts, sorghum, millet, and guinea corn (28). Likewise, maize is a major 
weaning food in some countries in East Africa. In Uganda, 89% of children are fed maize 
porridge regularly. About 24.5% of children aged three to 28 months have maize porridge seven 
days a w eek (326). Gruels prepared from maize are used as weaning foods in Kenya (327), 
Tanzania (324), and Ethiopia (328). Other staple crops are also used to prepare weaning foods in 
these East African countries. Some of them include sorghum in Tanzania, sorghum and millet in 
Kenya, barley and wheat in Ethiopia. Sorghum porridge (nasha) is a traditional weaning food in 
Sudan (329).  
Many children in Latin America also consume large amounts of maize in their weaning 
diets, which can increase aflatoxin exposure. Maize-based gruels are among several kinds of 
Brazilian weaning foods, which also include rice flour or cassava flour-based gruels, cassava, 
sugar, and diluted milk (330).  M aize tortillas consumed with milk, beans, bread, pasta, fruit, 
chicken soup, flavored gelatin, or soft drinks are commonly used as weaning foods in Mexico 
(331).        
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Children’s weaning foods in Asia vary substantially from region to region. Weaning 
foods in China are whole eggs, vegetables and fruits, porridge (rice, maize, or wheat), and infant 
formula (332-335). Maize and even rice are contaminated with aflatoxin in many parts of China 
(336-340).  In 1992, maize consumption among residents of Guangxi, where HCC prevalence is 
among the highest in the world, was as high as 350–500 g/day (337). In India, children may be 
weaned on  various kinds of food: formula, porridges (maize, rice, millet, etc), commercial 
cereals, pulses, fruit, rice with milk and/or ghee, roti, and potatoes (341-343). Nepalese children 
are weaned on porridge and animal milk at ages of 2.5–6.5 months old. Thai weaning foods 
include rice-based food, fruit juice, fruit, meat, fish and vegetable soup (318, 344).   
Because aflatoxin exposure in children increases markedly following weaning (272) and 
is associated with multiple adverse health outcomes, reducing aflatoxin levels in weaning foods 
is crucial in high-risk regions of the world.  Interventions could include dedicating cleaner maize 
and groundnuts to weaning foods, or provision of weaning foods that contain wide varieties of 
food crops instead of few food crops. 
5.5 DISCUSSION  
Growth impairment in children is a pervasive public health probl in low- and middle-income 
countries worldwide, and is associated with a wide variety of factors such as poor nutrition, poor 
hygiene, socioeconomic status, local political instability, repeated infectious diseases, and 
environmental toxins (229).  Aside from adverse health effects associated with childhood growth 
impairment, such as cognitive impairment and increased risk of infectious diseases and death, 
there are also economic consequences: childhood undernutrition as indicated by stunting has 
been associated with lower human capital in low- and middle-income countries (345). Stunting, 
wasting or underweight is associated with increased mortality risks in childhood (229) Reducing 
risk factors for growth impairment in children age under five could be a way: One of the eight 
goals to improve socioeconomic and human health, endorsed by the leading international 
organizations and world leaders in 2000, is to reduce mortality rate among children age under 
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five,  by two-thirds in 2015  (346). Reducing risk factors for growth impairment in children age 
under five can be another way, along with other interventions, to achieve this goal.  
Among the risk factors associated with growth impairment, aflatoxin emerges as playing 
a potentially important contributory role.  The weight of evidence linking aflatoxin with growth 
impairment has been increasing over the last five decades of research: first primarily in animal 
studies, and in the last decade increasingly in epidemiological studies. When considering the 
Bradford Hill criteria for causality (347), the recent epidemiological studies have provided useful 
supporting evidence.  When controlling for other socioeconomic and environmental factors, the 
strength of association between aflatoxin and stunting and underweight is strong. Moreover, the 
dose-response relationship between aflatoxin exposure and growth impairment is monotonically 
increasing (35), which is consistent with a causal effect, although other confounding factors 
cannot be excluded (148).  Animal and epidemiological studies are concordant in their findings.  
One critical piece of information that is currently unavailable is a mechanism by which 
aflatoxin causes growth impairment in humans and animals. If such a mechanism could be 
elucidated, then the weight of evidence linking aflatoxin with growth impairment would become 
even stronger. Though this exact mechanism has yet to be identified, several have been 
proposed.  One is that immunomodulation associated with aflatoxin exposure (22, 348) can cause 
recurrent infections in children, which can lead to growth impairment (27).  Another is that 
changes in intestinal integrity (possibly in part resulting from immunomodulation) could make 
hosts more vulnerable to intestinal foreign microbes (27).  Other possible mechanisms include 
down-regulation of genes associated with energy production and fatty acid metabolism (349), 
impairment of protein synthesis and the inability to mobilize fat (241), and changes in hepatic 
metabolism of vitamins and micronutrients (350).  
Given the increasingly strong evidence that aflatoxin contributes to growth impairment in 
children, and the knowledge that it is a common contaminant of weaning foods in many parts of 
the world where childhood stunting is prevalent (e.g., sub-Saharan Africa and Asia), it is  
important to attempt to reduce aflatoxin exposure in foods consumed by children. Multiple 
aflatoxin control strategies have been developed to lessen aflatoxin exposure by reducing 
aflatoxin development in fields, during storage or reducing aflatoxin bioavailability. We 
previously reviewed the cost and efficacy of various types of aflatoxin control methods (150), 
and reported that at least two aflatoxin control interventions were cost-effective to reduce 
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aflatoxin in maize in Nigeria and groundnuts in Guinea, respectively (135). However, 
implementing aflatoxin control interventions needs extensive involvement from multiple 
stakeholders, from the levels of individuals to national and international institutions. Moreover, 
in the parts of the world where they are most needed, aflatoxin risk-reduction interventions must 
be evaluated for feasibility: safety, standardizability, characteristics of delivery, requirements on 
government capacity, and usage characteristics, among other factors (351).  
In summary, aflatoxin appears to play a contributory role in growth impairment in both 
children and animals. In children, aflatoxin exposure is especially problematic in parts of the 
world where maize and groundnuts are dietary staples. Childhood exposure to aflatoxin can 
occur in utero, in mothers’ breastmilk, and particularly in weaning foods.  Aflatoxin-associated 
growth impairment can, in turn, contribute to increased risk of mortality and morbidity in 
children worldwide.  Strategies should focus on reducing aflatoxin exposure in children and 
mothers’ diets, in ways that are cost-effective and technically feasible in parts of the world where 
aflatoxin risks are especially high. 
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6.0  AFLATOXIN AND GROWTH IMPAIRMENT IN NIGERIA 
6.1 ABSTRACT 
Aflatoxin not only induces hepatic cancer, but may also impair child growth development. A 
growing body of evidence from animal and human studies indicated the negative impacts of 
aflatoxin exposure on growth performance. Stunting, a condition defined as a child’s height-for-
age score below minus two standard deviations from the mean standard height, is highly 
prevalent in Nigeria. We performed this study to supplement our prior investigation on t he 
analysis of the costs of a particular aflatoxin control intervention to prevent one healthy life year 
lost due to liver cancer. We previously found that the HBV vaccine provided a significant lower 
cost to avert one disability life year compared with the aflatoxin control interventions. In this 
study, we included the benefits from preventing stunting to the outcome of three interventions: 
bicontrol, the postharvest intervention package, and NovaSil. Our results showed that dietary 
aflatoxin exposure would cause about 0–18% of stunting in children aged five years and below, 
depending on aflatoxin levels in food crops. At the upper bound level of aflatoxin, biocontrol and 
NovaSil clay would reduce aflatoxin exposure to levels that cannot cause stunting; the 
postharvest intervention package would prevent 5% of children from becoming stunted. Each 




In the previous chapter, we have reviewed a number of studies showing the associations between 
aflatoxin and growth impairment. In several animal species, including chickens, pigs, rats, mice, 
and fish, aflatoxin has shown to reduce average daily feed intake (ADFI) , reduce weight gain 
and increase feed conversion ratios (FCR)−the ratios between amounts of feed intake and weight 
gain. Furthermore, reduced birth weights following in utero exposure to aflatoxin were presented 
in both animal and human studies. The epidemiological studies from several countries, such as 
Benin, Togo, Gambia, Ghana, Iran, Kenya, and UAE, focusing on t he associations between 
aflatoxin and growth faltering have been released during the past decade. These studies showed 
significant negative associations between aflatoxin exposures and growth performances in 
children.       
Though there are a number of growth performance parameters, such as weight-for-age, 
height-for-age, and weight-for-height, the parameters usually used to indicate chronic 
malnutrition is the impairment in height-for-age. Children whose height-for-age scores (HAZ) 
are below two standard deviation (SD) of the mean height-for-age standard is classified as 
stunted.   
Recently, there was a study showing that children who were stunted were more likely to 
die from various diseases. This study, following children from birth to the age of three years in 
36 countries, found that children, whose height for age scores (HAZ) were between two and 
three standard deviation (SD) below the means HAZ, were 1.6 times more likely to die from 
diarrhea, malaria, and respiratory tract infections compared with children whose HAZ were 
higher than –1SD HAZ score. The mortality rate from diarrhea, pneumonia, malaria, and measles 
in children who were severely stunted (HAZ< –3SD) were increased to four times higher than 
children whose HAZ >–1SD (229).        
To the best of our knowledge there is no study conducted in Nigeria to determine burdens 
of growth impairment related to aflatoxin. Based on the WHO database about 43% of Nigerian 
children age five years old and below were estimated to be stunted (233).  Currently, the number 
of children age 0–5 years old in Nigeria is about 23.6 millions (196), which means about 10.1 
million Nigerian children are being stunted.     
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6.2.1 Odds ratio between aflatoxin and growth impairment in humans 
A number of human studies have determined the relationships between aflatoxin and growth 
performances. But they differ in either methodologies or study populations. For example,  a  
study conducted in Kenya determined the associations between the presence of aflatoxin in 
family flour and growth performances in children aged 3-36 months; whereas, a UAE study 
exhibited the relationships between in utero aflatoxin exposure and birth weights. A number of 
studies conducted in Benin, Togo, and Gambia used AF-alb adduct as an dietary aflatoxin 
biomarker and determined the associations between AF-alb adducts levels and various growth 
performance parameters, such as height-for-age, weight-for-age, and height-for-weight. Some of 
these studies provided enough data to determine odds ratios, a measure of the strength of an 
association.           
Table 6-1 lists three studies and the odds ratios between aflatoxin exposure and growth 
performance parameters. Between October 2000 and March 2002, Okoth and Ohingo collected 
weaning flour samples from 242 households from Kisumu District, Kenya, and assessed growth 
performances of children aged between 3-36 months in these households (321). Prevalence rates 
of being stunted, underweight, and wasted in the studied populations were: 34%, 30%, and 6%, 
respectively. Compared with the normal children, a significant higher percentage (p=0.002) of 
the wasted children was fed on aflatoxin-contaminated flour (53.8% and 27.7%). About 28.9% 
of the normal children and 32.4% of the stunted children were fed aflatoxin contaminated flour 
(p=0.67). There was a non-significant difference between the percentages of normal children and 
underweight children who were fed the contaminated flour (27.3% and 41.4%, p= 0.13). Based 
on the Wellcome Classification of Severe Protein Energy Malnutrition, 66% of malnourished 
children had aflatoxin contaminated flour, while only 27.4% of nourished children were fed 
aflatoxin contaminated flour (p=0.004).   
The associations between AFM1, an aflatoxin metabolite, in newborns and their mothers 
and low birth weight were studied by Abdulrazzaq et al. 2004 (274). They collected 250 cord 
blood and maternal blood samples from 1,500 women admitted to the labor wards in two UAE 
hospitals between 1995 and 1998. A ll of the low birth weight neonates (n=43) were AFM1 
positive (> 10 mg/ml); whereas, only 68 of 123 normal weight neonates had AFM1 higher than 
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10 mg/ml in their cord blood. The correlation coefficient between AFM1 levels in cord blood and 
birthweight was –0.565 (p=0.001).   
In order to determine the odds ratio when none in the low birth weight groups was AFM1-
free, we added 0.5 to all four cells in 2x2 table to treat the problem of having a zero value in the 
table (352, 353). The odds of being low birth weight in a baby, whose cord blood contains AFM1, 
was 70 times higher than a baby, whose cord blood was free from AFM1.       
Instead of measuring aflatoxin in food, Gong et al. 2002 determined peripheral blood AF-
alb adducts levels of 480 B enin and Togo children aged between nine months to five years. 
About 99% of children contained detectable levels of AF-alb adducts with a geometric mean of 
32.8 pg/mg albumin. Among 475 children who had detectable levels of AF-alb adducts, 148 
children and 129 children were stunted and underweight, respectively (35).  
Regarding WHO definition of stunting, as long as the HAZ are more than the negative 
two standard deviation of WHO growth standard, the children are not classified to be stunted, 
even if aflatoxin deteriorates growth performance in children. In order to obtain the odds ratio 
between AF-alb adducts and growth performances from Gong et al, 2002, we classified children 
into quartiles based on their AF-alb adduct levels and compared the odds of being stunted and 
underweight between the children in the lowest quartile and the children in the upper three 
quartiles. Each quartile contained 113–114 children. Of total 479 children, 307 children, whose 
serum AF-alb adducts levels were less than 32 pg/mg albumin, were not stunted, and 148 
children, who contained higher AF-alb adducts levels, were stunted. The AF-alb adducts levels 
and HAZ of 24 children were not mentioned. We assumed that their HAZ and AF-alb adduct 
levels did not follow the dose-response relationship. We divided these 24 children equally into 
quartiles and put six and 18 i nto the lowest quartile and three upper quartiles, respectively to 
obtain the highest possibility that these 24 children did not follow the dose-response relationship.  
Therefore, the three upper quartiles consisted of 114 non-stunted and 148 s tunted children and 
the lowest quartile contained 211 non -stunted children and six stunted children. The odds of 
children whose AF-alb adduct levels were in the three upper quartiles having been stunted was 
about 13 times higher than the lowest quartile children.  
Similarly, the odds ratio of underweight children to having had high AF-alb levels is 
about 9.05. Of 480 children, 113 and 230 normal weight children had AF-alb adducts in the first 
quartile and the three upper quartiles, respectively. Only seven underweight children contained 
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low levels of AF-alb adduct (first quartile) compared with 129 underweight children, whose AF-
alb adduct levels were in the three upper quartiles. The odds ratio suggests that children, whose 
AF-alb adducts levels were in the upper three quartiles to be stunted, and underweighted, were 
13 times, and 9 times higher than children whose AF-alb adducts levels were low. 
Table 6-1. Odds ratio between aflatoxin and growth performance 
Countries Subject Aflatoxin  Growth parameter Odds ratio 
Benin and Togo 
(35) 
Children aged <5 
years old 
AF-alb adduct (the 
three upper quartiles 




UAE (274) New born babies Cord blood AFM1 Low birth weight 70 
Kenya (321) Children 3−36 
months 




Stunted growth 1.20 
Underweight 1.86 
Note: aSignificant association between the HAZ of infants and maternal AFM1 (p<0.015), Significant lower scores 
in HAZ and WAZ of infants born from AFM1 –positive mothers (p<0.05). 
Though the odds ratio can identify the strength of the association between aflatoxin and 
growth parameters, it does not provide much information on the burdens of growth impairment 
in a particular area. In this study, we employed data from Gong et al. 2002 t o develop dose 
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response functions between AF-alb adducts levels and proportions of stunting and adopted these 
functions to determine the burdens of stunting in Nigeria.   
6.3 METHODS 
6.3.1 Dose-response relationships development 
The dose-response relationships between AF-alb levels and HAZ scores, along with the numbers 
of children in each HAZ score group in Gong et al. 2000 (35), were transformed to the dose-
response functions between AF-alb and proportions of stunting. The children whose HAZ were 
below -2SD of HAZ were considered to be stunted.  Then we identified the cumulative numbers 
of stunted and non-stunted children in each adduct level for HAZ groups. Twenty-four children, 
whose HAZ were not mentioned in Gong et al. 2002, were classified to be either stunted or non-
stunted. We generated two linear regression functions based on the transformed data. The lower 
and upper bound functions were obtained when the 24 c hildren were considered to be non-
stunted and stunted, respectively.     
6.3.2 Burdens of aflatoxin-related stunting in Nigeria estimation  
We estimated AF-alb adduct levels in Nigeria based on the Nigerian aflatoxin dietary exposure 
levels calculated in the previous chapter, using the conversion factor from Shephard 2008 (37). 
Later, we determined the estimated numbers of aflatoxin-related stunting cases, and the numbers 
of stunting cases prevented if biocontrol, the postharvest intervention, and NovaSil clay were 
adopted in Nigeria using the two aforementioned dose-response functions. 
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6.3.3 Cost-effectiveness assessment 
Though in general childhood growth performances refer to the growth performances in children 
age 0-5 years old, some studies found that stunting prevalence peaked and reached the plateau 
when the children were aged about three years old. The numbers of prevented DALYs were 
discounted by 3% per year by three years to account for future benefits from current investment.  
The efficacy of the interventions consisted of two parts, efficacy in preventing liver cancer and 
efficacy in preventing aflatoxin-induced stunting. The methods to calculate the costs of aflatoxin 
control interventions and the efficacy in preventing liver cancer were already presented in 
chapter 5. The numbers of stunted cases were multiplied by stunting DALY per case, assuming 
5% of cases would die because of stunting-related conditions. The numbers of DALY per 
survival case (0.23 DALY per case), and dead case (33.2 per case) obtained from Bhutta et al. 
2008 (354).          
6.3.3.1 Cost-effectiveness ratio (CER) 
The CER– the ratio between the cost and the benefit of a particular intervention to determine the 
cost to prevent one healthy life year lost–of each intervention was compared with the Nigerian 
GDP per capita, which was about $2,360 in 2010 (211). Based on this ratio, each intervention 
was assigned to one of three following categories proposed by WHO (130): highly cost-effective 
(CER< one GDP per capita), cost-effective (one GDP<CER<three GDP), and not cost-effective 




6.4.1 Dose –response relationship  
Table 6-2 shows the numbers of children with the average AF-alb adduct levels of 17.0, 26.4,  
27.9 and 29.1 pg/mg albumin based on Gong et al. 2002 (35). In that study, they determined the 
adduct levels in 480 Benin and Togo children aged between nine months and five years. One 
sample was lost, and 4 s amples were free of AF-alb adducts, leaving 475 s amples in their 
analysis. But, only 455 samples were presented in dose-response relationship between AF-alb 
adduct levels and the HAZ. We included 24 children (four AF-alb free and 20 non-mentioned 
children) in either the non-stunting group (the lowest possible stunting proportion) or the 
stunting group (the highest possible stunting proportion).  





Lowest possible stunting 
proportion 
Highest possible stunting 
proportion 
17.0 25 0% 7.25% 
26.4 282 0% 7.25% 
27.9 108 24.6% 30.07% 
29.1 40 30.9% 35.91% 
Note: (adapted from Gong et al., (2002)) 
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The linear regression functions between the levels of AF-alb adduct and proportions of 
stunting were: 
𝑌 =  0.0196𝑋 − 0.2918 
Equation 6: Levels of AF-alb and proportions of stunting (lower bound) 
and       
𝑌 =  0.0212𝑋 − 0.3928 
Equation 7: Levels of AF-alb and proportions of stunting (upper bound) 
Where X= AF-alb adduct levels, and Y = proportions of stunting 
To the best of our knowledge, aside from Gong et al. 2002,   t here was only one study 
providing data of AF-alb adduct levels and proportions of stunting, Turner et al. (2003). Turner 
et al. (2003) determined the geometric means of AF-alb adduct levels of 472 Gambian children 
aged six years to nine years old to be 22.3 pg/mg albumin. The calculated stunting prevalence 
rates in Gambia based on our dose-response functions were 8.0% and 14.5%. The average from 
the upper and lower calculated stunting prevalence was 11.3%. (actual prevalence = 11.5%) 
6.4.2 Potential aflatoxin-related stunting in Nigeria  
In general, children consume three to four times much more food per kilogram body weight than 
adults (355). Moreover, several food taboos arose in Africa can hinder children from having 
varieties of food. Therefore, children are more likely to be exposed to aflatoxin compared with 
adults. To convert adult dietary aflatoxin exposure to aflatoxin exposure in children, we 
multiplied maize and groundnuts consumption rates adopted from FAOSTAT by five.  Table 6-3 
shows the estimated stunting prevalence as the results of maize, groundnut, and both maize and 
groundnut consumptions.   
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The results presented in table 6-3 accentuate the need of employing total aflatoxin 
exposure levels in the analysis of aflatoxin-induced stunting. Aflatoxin levels in groundnuts, 
without any aflatoxins from other sources, cannot produce stunting. However, when combined 
with aflatoxin exposure in maize, aflatoxin in groundnuts adds 7.4% more stunting proportions 
than that produced by aflatoxin in maize alone. Consuming groundnuts increases levels of total 
aflatoxin exposure children receiving per day. Our results are in good agreement with the data 
from Gong and colleagues in 2003 that groundnuts consumptions do not correlate with AF-alb 
adduct levels in Benin and Togo children aged less than five years; however, they expressed their 
awareness of an importance of aflatoxin in groundnuts on the levels of total aflatoxin exposure 
(272).  
 
Table 6-3. Potential stunting burden in Nigeria from consuming maize and groundnuts contaminated with 
aflatoxins 
Items Staple crops 
Staple crops Maize Groundnuts Total 
Average aflatoxin levels (ng/g) 13.4−36.2 64.8−67.5 − 
Children consumption rate (g/kgBW-day) 6.14 0.54 − 
Aflatoxin exposure  
(ng/kgBW-day) 
82.0−222.15 35.0−36.46 117.0−258.61 
Estimated AF-alb adducts from chronic 
ingestion (pg/mg albumin)a 
8.2−22.22 3.5−3.65 11.7−25.87 
Percent of stunted childrenb 0−11.1 0 0−18.5 
Expected no. of stunted children 0 to  2,619,600  0 0 to  4,377,800  
Note:aa 100 pg AF-alb adduct/mg albumin is expected to be a result of chronic ingestion of 1000 ng/kgBW-day(37), 
baverages of two dose-response relationship between aflatoxin-albumin adduct and portions of stunting,  number of 




6.4.2.1 Impacts of aflatoxin control interventions on stunted growth prevalence 
Table 6-4. Potential impacts of aflatoxin control interventions on aflatoxin-related stunting burden in Nigeria 















AF exposure per 
kgBW-day (ng) 
225.1 36.5 258.6 225.1 36.5 258.6 225.1 36.5 258.6 
% aflatoxin-related 
stunting a 
15.6%-21.6% 15.6%-21.6% 15.6%-21.6% 
Efficacy of 
intervention 
80% NA NA NA 69% NA 40% 40% 40% 
Total exposure/ kg-d 
in ng (treated ) 
45.0 36.5 80.5 225.1 11.3 236.4 135.1 21.9 157.0 
Predicted %  







No. of cases 
preventedb 
 736,320 to  1,014,800   231,280 to  254,880   
 
 736,320 to  958,160   
 
DALYs averted  1,269,172  to  1,749,180   398,650  to  439,329         
 
 1,269,172 to  1,651,551    
 
Note: abased on two dose response relationships between AF-alb adduct and proportions of stunting. bthe number of 
population age five years and under was divided by five to account for an annual cost.  One stunting survivor = 0.23 
DALYs, one dead case = 33.2 DALYs (354).  
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Table 6-4 presents the impacts of our selected aflatoxin control interventions on stunting 
burdens in Nigeria. If the stunting burdens prevented were included in the analysis, all 
interventions would become very cost-effective. This result suggests that aflatoxin would be 
responsible for a substantial number of public health burdens related to stunting in Nigeria.   
At the upper bound level of aflatoxin, when the benefits of preventing stunting burdens 
were included, all interventions were very cost-effective (CERs <1 GDP). The costs to prevent 
one healthy life year lost were dramatically decreased when the benefits of preventing stunting 
were included compared with the CERs of these three interventions, when liver cancer 
prevention was the only outcome of interest.  However, at the lower bound level of aflatoxin, 
there was no di fference in the CERs of these three interventions, because at this low level, 
aflatoxin did not induce stunting. Hence, the burdens of aflatoxin do not increase linearly with 
exposure levels. At high doses, aflatoxin may induce other serious adverse effects, especially in 
sensitive populations. Though it can be impossible to completely get rid of aflatoxin, it is crucial 
to control aflatoxin exposure to the yet to be identified safe level.               
Table 6-5. Cost-effectiveness ratio of aflatoxin control interventions by outcomes of interest 
Outcome of 
interest 
Cost to prevent one healthy life year lost ($) 
Lower bound aflatoxin exposure Upper bound aflatoxin exposure 
BC PH NS BC PH NS 
Liver cancer  7,319 69,110 24,755 2,702 66,142 11,177 
Liver cancer 
+ Stunting 
7,319 69,110 24,755 49 614 130 
Note: BC= biocontrol, PH = the postharvest intervention package, NS = NovaSil clay    
The question is, if more than one highly cost-effective intervention is implemented, 
whether the combinations are worth doing. To determine the cost to prevent one extra DALY of 
aflatoxin control intervention combinations, we performed an incremental cost-effectiveness 
analysis. This type of analysis is a tool to determine cost per one unit outcome gained compared 
to the next best available method.   
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6.4.3 Incremental Cost-Effectiveness 
In our prior analysis, we determined the cost-effectiveness of three aflatoxin control strategies 
and treated them as independent of each other. This kind of analysis works in the situation for 
which only one intervention is adopted. But if there are no budget constraints, more than one 
intervention can be implemented to maximize benefits, as long as the combinations are worth the 
cost. The problem is that whether adding one more intervention makes the combination to be 
worthy to be implemented.  We performed an incremental cost-effectiveness analysis to answer 
this question. The incremental cost-effective ration (ICER) in incremental cost-effectiveness 
analysis provides information on how much the cost is to provide one additional unit of outcome 
to switch from current intervention or from doing nothing to alternative practices. The 
incremental cost-effective ratio can be presented as follows: 
 
))()(())()(( BEfficacyAEfficacyBCostACostICER −÷−≡  
Equation 8: Incremental cost effectiveness ratio 
We compared ICER of biocontrol, the most cost-effective intervention, and the 
combinations of biocontrol and the other two interventions as double intervention and triple 
intervention as follows:   
1) Biocontrol  
2) Biocontrol+ the postharvest intervention package  
3) Biocontrol+ NovaSil clay 
4) Biocontrol+ the postharvest intervention package+ NovaSil clay  
6.4.3.1 Baseline aflatoxin exposure  
Based on the Nigerian maize and groundnuts consumption rates (73.6 and 6.4 grams per person 
per day), the estimated daily aflatoxin exposures for a Nigerian from consuming aflatoxin 
contaminated maize and groundnuts are 44.34 and 7.22 ng/kgBW-day, respectively. In children, 
aflatoxin exposures from consuming aflatoxin-contaminated maize and groundnuts  range from 
82.0 to 222.15 ng/kgBW-day and from  35.0 to 36.46 ng/kgBW-day, respectively. Without any 
intervention, aflatoxin in maize and groundnuts combined would cause about 18.6% –an average 
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of upper and lower bound predicted values: 15.6% to 21.5% –stunting in Nigerian children age 
five years old and under (see table 6-3).      
6.4.3.2 Impacts of combinations of aflatoxin control interventions on preventing stunting 
(Children age 0-5 years old) 
With the application of biocontrol in maize fields, aflatoxin levels will be reduced to levels that 
cannot induce stunting in children, either in the presence or absence of other interventions. 
Numbers of stunting cases prevented and DALYs saved from the combinations of biocontrol and 
the other interventions (the postharvest intervention package and NovaSil clay) are similar to 
those of biocontrol alone,  875,560   fewer cases and  1,509,176  DALYs averted, respectively.  
6.4.3.3 Impacts of combinations of aflatoxin control interventions on preventing liver 
cancer 
Biocontrol (Scenario I): Please see table 6-5 
Biocontrol +   the postharvest intervention package (Scenario II):   Biocontrol reduces 
aflatoxin in maize by 80%; whereas, the postharvest intervention package reduces aflatoxin in 
groundnuts by 69%, leaving 20% aflatoxin in treated maize and 31% aflatoxin in treated 
groundnuts. Overall, the combination of biocontrol and the postharvest intervention package 
would reduce aflatoxin exposure by 40.5 ng/kgBW-day. As a result, 3,290 a flatoxin-induced 
liver cancer cases, and 31,822 DALYs can be prevented.   
Biocontrol + NovaSil clay (Scenario III): NovaSil will reduce aflatoxin bioavailability by 
40% of aflatoxin contamination in foods. Some of them include biocontrol-treated maize and 
untreated groundnuts. Therefore, the combination of biocontrol and NovaSil clay can reduce 
total aflatoxin bioavailability in maize by 88% and bioavailability of aflatoxin in groundnuts by 
40%.  On the whole, biocontrol, along with NovaSil clay, would reduce aflatoxin exposure by 
41.9 ng a flatoxin per kgBW per day.  Thus,  3,408  aflatoxin-induced liver cancer cases and  
32,965 DALYs will be averted. 
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Biocontrol + the postharvest intervention package + NovaSil clay (Scenario IV): 
Aflatoxin in contaminated maize would be reduced mainly through biocontrol and NovaSil clay. 
The overall aflatoxin reduction was 88% (80% from biocontrol and 40% of the remaining from 
NovaSil clay). Similarly, aflatoxin in groundnuts would be reduced by 81% (69% from the 
postharvest intervention and 40% of the remaining from NovaSil clay). The total aflatoxin 
prevented from consuming maize and groundnuts contaminated with aflatoxin would be 44.8 ng 
per kgBW-day. With this level of aflatoxin reduction, 3,649 liver cancer cases and  35,294 
disability life years lost will be prevented.  
Table 6-6. Marginal cost-effectiveness of some selected single or combinations of aflatoxin control strategies 








BC 75.4 1,537,079 75.4 1,537,079 49 
BC+PH 179.1 to 334.6 1,540,998 103.7 to 259.2 3,919 
26,457 to 
66,142 
BC+NSa 263.3 1,542,141 187.9 5,062 37,109 
BC+PH+NS 366.9 to 552.5 1,544,470 187.9 3,472 54,107 
Note:  BC: biocontrol, NS: NovaSil clay, PH: the postharvest intervention package, aThe combination of BC and 
NS was compared with BC, not BC+PH, numbers of prevented stunting cases were divided by five to obtain the 
annual effect of intervention. One stunting survivor = 0.23 DALYs, one dead case = 33.2 DALYs  (354)  
 
As a stand-alone intervention, each intervention could be a worthy intervention, but if we 
want to get higher benefits by implementing more than one intervention, the combinations would 
not be worth  since the new CERs are more than 3 Nigerian GDP. 
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To summarize, biocontrol, the postharvest intervention package, and NovaSil clay, as 
stand-alone interventions, are cost-effective; but our analyses indicate that if these interventions 
were combined, none of the combinations would be cost-effective.  In other words, any extra 
health benefits associated with an additional intervention would be significantly smaller than the 
corresponding costs, in WHO cost-effectiveness terms.  Combinations of biocontrol with either 
the postharvest intervention package or NovaSil clay provide extra benefits than biocontrol 
alone. However, the benefits gained are much fewer than the sum of the benefits from biocontrol 
and the other intervention. The reasons for the  i ncreased cost per DALYs prevented of the 
combinations are two-fold as follows: 
1) Interventions act directly or indirectly to the same food commodities. 
(Biocontrol/NovaSil clay and the postharvest intervention package/ NovaSil clay) 
2) Interventions act on food commodities taken in small amounts. For example, the 
postharvest intervention package, if applied to groundnuts only, would not be cost-
effective, because Nigerian consume a much smaller amount of groundnuts compared 
with maize. 
In the case of the combination of biocontrol and the postharvest intervention package, 
even if these two interventions were applied to different food commodities, biocontrol alone can 
reduce aflatoxin in maize to the levels that cannot produce stunting; therefore, implementing the 
postharvest intervention package to biocontrol-adopted areas does not produce extra benefits as 
far as reducing stunting risk. As a result, the extra benefits of this combination are due solely to 
the additional reduction of aflatoxin-induced liver cancer burdens from the reductions of 
aflatoxin in groundnuts. Similarly, no extra stunting prevention benefits from adopting NovaSil 
clay would be expected in a region, in which biocontrol is already 100% adopted. Furthermore, 




6.4.4 Sensitivity analysis 
We determined sensitivity of the cost-effectiveness ratio by varying either costs or 
efficacy of the interventions. For each intervention, we varied its efficacy from 0.4 to 1.6 times 
the original efficacy or until maximum efficacy (100%) was achieved. We varied the costs of 
intervention upward to determine the maximum cost in the terms of times the original costs that 
brings the CER beyond three times GDP per capita, the threshold for cost-effectiveness analysis.  







Table 6-8. Cost effectiveness ratios of the postharvest intervention package 
 
 





A threshold level of aflatoxin on growth development is one of the most important features of the 
dose-response relationship between aflatoxin exposure or its biomarkers and growth 
performance. Aflatoxin exposure must be high enough to deteriorate growth to the extent that a 
particular growth impairment defined (HAZ, WAZ, or WHZ <-2SD). The threshold of AF-alb 
derived from the Benin and Togo study is about 16.7 pg/mg albumin.  Based on the same study, 
once the threshold level of aflatoxin exposure  to  induce stunting was reached, the prevalence of 
stunting will increase by 1.96 to 2.12 per 100 per picogram of the adduct/mg albumin. 
The stunting burdens caused by aflatoxin contamination would be much higher than 
burdens from aflatoxin-related liver cancer. Whereas, the prevalence of liver cancer is per 
100,000 basis, the prevalence rate of stunting is based on 100 c hildren age between 0-5 years 
old. For a country in which birth rate is usually high and the number of elder population is 
relative low, compared with those of adolescents and adults, such as Nigeria, public health 
burdens from stunting can be several times higher than that of liver cancer. Burdens of aflatoxin-
related stunting in Nigeria can be significant high more than previously expected that if 
preventing stunting was included in the analysis, it turned the postharvest intervention package 
from not cost-effective to be very cost-effective.  
When benefits from preventing stunting are included, all of these four interventions as a 
single intervention are very cost-effective. Choosing a particular intervention over the others 
depends on several factors. Biocontrol, in our analysis, is the most cost-effective intervention in 
reducing aflatoxin toxicities. But in some circumstances that biocontrol cannot be performed– 
for example, atoxigenic fungi have not been identified in that particular area–NovaSil clay or the 
postharvest intervention package could be an alternative intervention. These three aflatoxin 
specific control interventions and hepatitis B vaccine reduce different risk factors of liver cancer; 
therefore, they can be considered as add-on interventions of each other. 
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7.0  EVALUATING THE TECHNICAL FEASIBILITY OF AFLATOXIN RISK 
REDUCTION STRATEGIES IN AFRICA 
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Public health interventions must be readily accepted by their target populations to have any 
meaningful impact, and must have financial and infrastructural support to be feasible in the parts 
of the world where they are most needed.  At the same time, these interventions must be assessed 
for potential unintended consequences, either to the environment or to human health.  I n this 
study, we evaluate the technical feasibility of interventions to control aflatoxin risk, to be 
potentially deployed in parts of Africa where aflatoxin exposure poses a significant public health 
concern.  We apply a conceptual framework for feasibility to four interventions, one associated 
with each of four different stages of aflatoxin risk: biocontrol (preharvest), a postharvest 
intervention package (postharvest), NovaSil clay (dietary), and hepatitis B vaccination (clinical).  
For each intervention, we assess the following four components of technical feasibility: 1) 
characteristics of the basic intervention, 2) characteristics of delivery, 3) requirements on 
government capacity, and 4) usage characteristics.  We describe ways in which feasibility of 
each intervention is currently high or low from the perspective of adoption in Africa, how public 
education is crucial for each of these interventions to succeed, and how to align economic 
incentives to make the interventions more suitable for less developed countries. 
7.2 INTRODUCTION 
Aflatoxin, produced by the fungi Aspergillus flavus and A. parasiticus on crops such as maize, 
peanuts, and tree nuts, is recognized to be an important food safety risk worldwide.  Aside from 
causing acute poisoning at high doses (acute aflatoxicosis), aflatoxin can also cause liver cancer 
(hepatocellular carcinoma, or HCC), immunomodulation (10, 23, 348, 356) , and stunted growth 
in children at chronic lower-level doses (22, 27, 35).  More recent evidence shows that aflatoxin 
may also play a role in global cirrhosis morbidity (357).  Most of these health problems 
associated with aflatoxin exposure occur in less developed countries (LDCs) in tropical and 
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subtropical areas of the world, where the Aspergilli thrive and where food safety measures are 
less stringent. 
An interesting aspect of the aflatoxin public health issue is that the risk can be mitigated 
at so many different levels, in multiple different ways.  This stands in contrast to other foodborne 
risks such as harmful bacteria (e.g., Escherichia coli): no enterosorbents could reduce their levels 
in the gastrointestinal system, and no vaccines could mitigate their impacts.   Aflatoxin 
accumulation could be reduced in crop fields, in food storage, or in food processing.  
Additionally, even if aflatoxin is present in consumers’ food, certain dietary additives or clinical 
practices can mitigate adverse effects of the toxin in the body.   Hence, many different 
interventions have been developed either to reduce aflatoxin directly in the field and in food 
(preharvest and postharvest interventions), or to reduce aflatoxin’s harmful effects in the body 
once it is  ingested (dietary and clinical interventions).  These categories of interventions are 
described in greater detail in Khlangwiset and Wu (2009) and Wu and Khlangwiset (2009).   
Regulations on m aximum allowable levels of aflatoxin in food could also reduce 
aflatoxin exposure. These regulations are generally effective in controlling aflatoxin in industrial 
nations; commodities that contain aflatoxin levels exceeding regulatory guidelines for human 
food or animal feed are discarded, or sold at a lower price for a different use (38, 39).  However, 
aflatoxin regulations in many LDCs do little to protect public health, as there is limited 
enforcement of food safety regulations, especially among rural communities where food quality 
is rarely formally inspected (37).  Subsistence farmers and local traders sometimes have the 
luxury of discarding obviously moldy maize and groundnuts.  But in drought seasons, people 
often have no choice but to eat moldy food or starve.  Thus, regulations do little to help reduce 
aflatoxin and its related health effects in LDCs (37, 358).  Rather, the focus should be on 
promoting adoption of strategies that can control aflatoxin and its associated risks, in the field, in 
postharvest conditions or in the diet (135).   
This dichotomy between the feasibility of aflatoxin regulations against the feasibility of 
other kinds of public health interventions highlights the need for mycotoxin researchers to 
consider whether the control strategies they develop could actually be implemented widely to 
improve public health.  It is crucial that an intervention be technically feasible in the places 
where it is most needed.  The purpose of this paper is to highlight key components of technical 
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feasibility, which are then applied to analyzing four specific interventions that control aflatoxin 
risk.   
7.3 FRAMEWORK TO CONSIDER FEASIBILITY OF AFLATOXIN CONTROL 
STRATEGIES 
The cost-effectiveness of selected public health interventions to control aflatoxin-induced liver 
cancer has been assessed (135).  Yet cost-effectiveness of a strategy is not enough to ensure its 
successful adoption.  More questions must be posited, such as: Are there countervailing health or 
ecological risks to the strategy?  What would the delivery mechanism be, and would locally-
available infrastructures support the mechanism?  Do governmental regulations inhibit or 
promote the intervention?  Is the intervention culturally appropriate and easy to adopt by the 
target population (135).  If an intervention to reduce aflatoxin fails in any or all of these points, 
then it is not likely to be adopted on a global scale, no matter how cost-effective it may be. 
A conceptual framework to evaluate the technical complexity – and hence the feasibility 
– of public health interventions for less developed countries has been developed (359).   There 
are four relevant dimensions (see figure 7-1):  
1. Characteristics of the basic intervention 
2. Characteristics of delivery 
3. Requirements on government capacity 




Figure 7-1 Framework to assess technical feasibility of public health interventions. 
7.3.1 Aflatoxin control strategies 
Multiple public health interventions exist by which to control aflatoxin or its burden in the body, 
to prevent HCC.  Several of these are listed in Table 1, adapted from Wu and Khlangwiset 
(2010).  We are beginning to understand more about the cost-effectiveness of these interventions; 
what remains to be found is how technically feasible they would be in many parts of the world.   
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Table 7-1. Sampling of interventions to reduce aflatoxin risk in field, dietary, and clinical settings 
Setting Intervention 
Agricultural Preharvest  Suitable hybrid choice 
 Transgenic or conventional breeding for plant host 
resistance 
 Biocontrol 
 Chemical control (insecticides, fungicides) 
 Good agricultural practices 
 Antioxidants (e.g., caffeic acid, gallic acid) 
Postharvest  Cleaning 
 Mechanical sorting and segregation 
 Improved storage / drying / transportation conditions 
 Ammoniation 
 Ozonation 
 Chemical control (insecticides, fungicides) 
Dietary  Enterosorbents (e.g., calcium aluminosilicates, 
glucomannan, chlorophyllin) 
 Chemopreventive agents (e.g., Oltipraz, isothiocyanates, 
triterpenoids) 
 COX-2 inhibitors 
 Green tea polyphenols 
Clinical  HBV vaccination 
Interventions to reduce aflatoxin risk can be roughly grouped into three categories: 1) 
agricultural (preharvest and postharvest), 2) dietary, and 3) clinical. Agricultural interventions 
are methods or technologies applied either in the field (preharvest) or in drying, storage and 
transportation (postharvest) to reduce aflatoxin levels in food.  Agricultural interventions can 
thus be considered “primary” interventions, because they can reduce actual aflatoxin levels in 
food.  Dietary and clinical interventions can be considered “secondary” interventions. They 
cannot reduce aflatoxin levels in food, but can ameliorate aflatoxin-related illness; by reducing 
bioavailability either of aflatoxin (e.g., through enterosorption) or of its reactive oxygen species 
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that binds to DNA to initiate cancer (e.g., through induction of Phase 2 enzymes that detoxify the 
aflatoxin-8,9-epoxide).   
We assess the technical feasibility of one intervention from each of these categories, 
specifically for human use: 
1. Biocontrol (preharvest) 
2. A postharvest intervention package (postharvest) 
3. Calcium aluminosilicate clay (NovaSil) as an enterosorbent (dietary) 
Hepatitis B vaccine is included in our analyses, even though it is not literally considered 
as an aflatoxin control intervention. The vaccine itself has no impact on actual aflatoxin levels in 
diets, but it prevents the synergistic impact of HBV and aflatoxin in inducing liver cancer. 
For each of these, we evaluate characteristics of each intervention according to the 
aforementioned dimensions of the intervention’s basic characteristics, delivery characteristics, 
government capacity requirements, and usage characteristics.  In addition, we describe economic 
issues associated with wide-scale adoption of each intervention.  We describe the areas in which 
the characteristics of each intervention lend themselves to being more or less feasible in LDCs, 
with a focus on sub-Saharan Africa, where these interventions have shown success in field and 
clinical trials. 
7.4 APPLICATION OF TECHNICAL FEASIBILITY FRAMEWORK TO 
AFLATOXIN RISK-REDUCTION INTERVENTIONS 
7.4.1 Biocontrol: Technical feasibility 
Agricultural biocontrol involves the use of biological agents to control pests or toxin production.  
Specifically, biocontrol of aflatoxin refers to using organisms to reduce the incidence of 
toxigenic Aspergilli in susceptible crops, and thereby to reduce aflatoxin contamination.  The 
most widely used biocontrol method for aflatoxin employs nontoxigenic strains of Aspergilli that 
can competitively exclude toxigenic strains from colonizing crops. Grain seeds (of wheat, barley, 
sorghum, or other small grains) are either briefly colonized by or coated with conidia of a 
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nontoxigenic strain, and these seeds are applied to agricultural fields during a period favorable 
for competitive exclusion of toxigenic strains.   
These biocontrol methods have been used in maize, groundnuts, and cottonseed in several 
regions of the world (57-62).Importantly, nontoxigenic A. flavus strains have been found in sub-
Saharan Africa, which show promise for controlling aflatoxin in African maize (59, 62).  
Biocontrol methods, though applied in the field, can result in reduced aflatoxin in crops for 
months postharvest (360).   
Table 7-2 summarizes the characteristics of biocontrol as an aflatoxin reduction 
intervention in African countries that determine its overall feasibility. 
Table 7-2. Technical feasibility characteristics of biocontrol for aflatoxin control in Africa 




Stability Shelf life ~ 6 m onths; dependent on t emperature and 
moisture control 
Standardization Needed to ensure that each application unit of biocontrol 
contains sufficient amounts of living nontoxigenic fungi 
to competitively exclude toxigenic fungi  
Safety profile Low risk of inhalation aspergillosis and skin and eye 
irritation; minimal risk of toxicity and infectivity 
Ease of storage and 
transportation 
Must be stored and transported at low relative humidity 
and avoiding either temperature extreme 
Supplies Need for regular 
supplies 
Nontoxigenic spores must be maintained in cultures, and 
grains must be provided regularly as a substrate  
Equipment High-technology 
equipment and 
infrastructure needed  
Equipment to manufacture and maintain fungal spores, 





Table 7-2 (continued) 
Category Criteria Intervention 
Delivery characteristics 
Facilities Retail sector Needed if biocontrol application is done by farmers 
Outreach services Monitoring proportion of nontoxigenic spores in the field 
to ensure continued effectiveness 
Educating growers on why aflatoxin is an important 
problem, and how to optimally apply biocontrol 
Laboratories See “Equipment” above 
Human resources Trained scientific 
professionals 
Professional staff to produce and maintain nontoxigenic 
spores, operate equipment to produce all parts of 
biocontrol, and to apply it (in situations where farmers 
cannot themselves) 
 Outreach staff Community volunteers, agricultural and health care 
providers to highlight the importance to control aflatoxin 
in food and feed stuffs. 
Laboratory workers to routinely monitor aflatoxin levels 
in agricultural goods. 
Agricultural extension service to provide advice, 
suggestion or recommendation on biocontrol. 
Communication 
and transport 
Dependence of delivery 
on communication and 
transport infrastructure 
Crucial for biocontrol to reach diverse parts of African 
countries where maize and other aflatoxin-vulnerable 
crops are planted 
Government capacity requirements 
Regulation/ 
legislation 
Need for regulation Need for biopesticide registration in African countries 
Need for monitoring 
and enforcement 
Need for aflatoxin monitoring in agricultural goods 
Need for monitoring potential health effects produced by 
biocontrol agents (e.g., skin irritation, aspergillosis) 
Need for monitoring potential changes in toxigenicity of 
nontoxigenic fungi 
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Table 7-2 (continued) 





sectors and between 
government and other 
groups 
Collaborations among ministries of agriculture and health 
could provide a stronger basis for biocontrol as a means 
of improving public health through farming technologies.   
International organizations (e.g., IITA, WHO, 
Foundations) have made, and should continue to make, 
important contributions toward aflatoxin reduction in 
Africa (funding, staff, etc.). 
Usage characteristics 
Ease of usage Need for information, 
education, supervision 
If biocontrol application in hands of farmers: instructions 
can be printed on packages, agricultural outreach staff 
can assist and supervise in some areas.  More broadly, 
education is needed to inform farmers why aflatoxin is an 
important problem and how biocontrol can reduce risk. 
Pre-existing 
demand 
Need for promotion Little if any pre-existing demand for biocontrol in most 
African nations; promotion essential among farmers 
Black-market risk Need to prevent 
counterfeiting 
Counterfeiting is possible but unlikely: toxigenic fungi 
could be packaged and sold as biocontrol to farmers   
7.4.1.1 Biocontrol: Basic characteristics.   
Three main elements are important to consider here: the basic product design (stability, 
standardization, safety profile, and ease of storage and transport), supply requirements, and 
equipment needed.  Biocontrol agents have a shelf life in the United States of up to six months 
(361), which may be lower in the tropics depending on quality of storage conditions, including 
susceptibility to insect damage.  Standardizing biocontrol is highly important, to ensure that each 
application unit contains sufficient amounts of nontoxigenic fungi to competitively exclude 
toxigenic strains in the field. 
Safety is an important consideration regarding biocontrol use in Africa.  Because of the 
potential risk of invasive aspergillosis from A. flavus exposure among immunocompromised 
individuals (as highlighted in Krishnan et al. 2009 and Hedayati et al. 2007), it is  important to 
ensure that the biocontrol material is manufactured and applied in such a way as to minimize 
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direct inhalation of spores.  T he biocontrol methods used commercially and in field trials in 
various parts of the world, in which the nontoxigenic Aspergilli are applied in an oil or molasses 
mixture to seeds (60, 61) that are then applied to fields, minimize potential inhalation risks.  At 
the present time, no aspergillosis cases have been reported as a result of biocontrol 
manufacturing or application.  In the United States, it is  recommended that applicators wear 
protective gear – a long-sleeved shirt, long pants, shoes, sock and gloves−when working with 
biocontrol (362), because of concerns regarding potential moderate eye or skin irritation, though 
no cases have thus far been reported (363).  These precautions should be followed in other parts 
of the world where biocontrol is used. 
Several conditions are necessary for optimal storage and transport.  Grains colonized by 
nontoxigenic Aspergilli, once dried, should be kept in moisture-protected, insect-proof bags, 
which should not be exposed to high relative humidity or extreme temperatures, such as over 
80% RH, over 50° C , or below freezing (363). In most parts of Africa, these temperature 
constraints would pose no problem; however, relative humidity could be higher than optimal for 
storage of biocontrol agents.    
High-technology equipment, basic supplies, and trained professional staff are necessary 
to produce and maintain biocontrol agents: to maintain the cultures used, to manufacture the 
large numbers of nontoxigenic fungal spores needed for application to the substrate (the grains 
used to convey the spores in the field), to sterilize the substrate on a large scale, and to mix the 
spores and substrate with a binder (such as oil or molasses) to allow the spores to adhere (60, 
135).  The ability of African countries to meet these high-technology requirements varies from 
nation to nation.  Nigeria would benefit from the support of the Ibadan-based International 
Institute of Tropical Agriculture (IITA), with an active research and outreach group for 
biocontrol adoption.  Biotechnology has also flourished in certain African countries such as 
Kenya, Zimbabwe, Egypt and South Africa (364). These countries may thus be more capable of 
producing biocontrol agents than others, although training needs for biocontrol specifically may 
be minimal  
There are potential supply constraints as well.  The substrate itself, such as wheat, rice, or 
sorghum grains (365), must be available; this may be problematic to obtain in situations of food 
insecurity, when the grains would be better used as a food source rather than as a substrate to 
convey biocontrol agents.  Maize cobs have been proposed as a potential substrate on which 
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nontoxigenic fungi can be applied and then dispersed in fields (59), which would alleviate grain 
supply concerns.    
7.4.1.2 Biocontrol: Delivery characteristics.   
Specifics of biocontrol delivery in Africa may vary by nation.   There may be centralized 
laboratories and facilities to provide the biocontrol materials; or the facilities may be more 
widely distributed within the target population, particularly if individual farmers will apply the 
biocontrol to their fields.  If farmers are already using agricultural chemicals such as pesticides 
and fertilizers, the biocontrol agents could be obtained through the same venues.   
There are benefits and costs associated with both centralization and dispersion of 
facilities to produce and maintain biocontrol, and individuals who apply biocontrol to fields.  For 
example, transportation costs to get biocontrol materials to the places they are needed are lower 
if the facilities are more dispersed within a community; but having a greater number of facilities 
necessitates having trained professionals at each location, which may cause a s train on human 
resources.  Likewise, hiring trained professionals to apply biocontrol to crop fields would ensure 
better quality control of application.  However, it leads to questions of who would pay for and 
train these professionals, and whether there would be a sufficient number of them to ensure that 
the biocontrol was applied at exactly the right time to allow competitive exclusion of aflatoxin-
producing fungi in the field.  Ultimately, it should be the individual farmers who apply 
biocontrol, with guidance either from a local agricultural extension worker or from the biocontrol 
packaging materials. 
7.4.1.3 Biocontrol: Government capacity requirements.   
Two items should be considered: governmental regulations on use and commercialization of the 
intervention, and regulatory support and enforcement to ensure optimal benefits and minimal 
risk.  Biocontrol for aflatoxin reduction was first registered in the United States, by the 
Environmental Protection Agency (366).  A lengthy review ensured no evidence or likelihood of 
risks to human health or to the environment.  The review included tests with laboratory mammals 
to assess oral or lung infectivity, toxicity, and allergenicity; soil and air monitoring studies for 
environmental quality; survival tests of the fungi after crop processing, and ecological risk 
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assessments of endangered species encountering the fungi.  In all cases, risks were shown to be 
minimal or nonexistent (61). 
With this precedent to guide further health and environmental risk assessments in 
different parts of the world, governmental regulatory barriers may be minimal.  The International 
Institute of Tropical Agriculture (IITA) has held workshops aiming to create harmonized 
biopesticide regulation for African countries. The biopesticide regulation system within the 
member countries of the Permanent Interstates Committee for Drought Control in the Sahel 
(CILSS) has been proposed as a protocol of harmonized regulation for biopesticide registration.  
Pesticides registered by CILSS can be used in any CILSS member nations (367). If this approach 
is developed and accepted by African countries, biocontrol application in Africa could be 
implemented on a  wide scale.  M oreover, stakeholder involvement in select nations has been 
mobilized.  Recently, a stakeholder consultative meeting on biological control was held in April 
2009 at Ibadan-based IITA, Nigeria; to discuss biocontrol application in maize to lower aflatoxin 
levels, as well as its potential usefulness in other staple crops (368).     
Monitoring should also be conducted regularly, to ensure that the nontoxigenic strains do 
indeed continue to produce no aflatoxin in field conditions.  Recently, an inexpensive aflatoxin 
test kit was developed by IITA and ICRISAT: a mere $1−$2 per analytical sample. This kit is 
purported to be effective even for analyses in the most remote rural areas of Africa (369). 
7.4.1.4 Biocontrol: Usage characteristics.   
The three aforementioned considerations regarding the end user - the ease of usage, pre-existing 
demand, and black-market risks – are legitimate concerns regarding widespread biocontrol 
adoption.  Eventually, individual farmers must be the ones to apply biocontrol in African crop 
fields to control aflatoxin.  The education and outreach process could be complicated – both in 
convincing the farmers of the need for this product, and in providing guidance on how much and 
when to optimally apply the biocontrol (61).  There is little if any pre-existing demand for this 
product specifically, as it is a new technology; although there is pre-existing demand more 
generally for aflatoxin control.  Finally, it is possible that black markets may arise that provide 
materials that are not truly nontoxigenic.  This is why monitoring processes and quality control 
for marketed products are extremely important. 
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7.4.1.5 Biocontrol: Economic issues.   
The low cost of biocontrol ($10-$20 per hectare) and its effectiveness at aflatoxin reduction (50-
90%) make biocontrol a very cost-effective intervention in reducing aflatoxin-induced disease 
(135).  However, individual farmers may not have incentive to pay even this relatively small 
amount if they do not  understand the risks of aflatoxin, and moreover, have very little 
discretionary monies. 
Therefore, initially, governments (in partnership with internal and external funding 
agencies) would most likely need to provide the resources for widespread biocontrol 
application.   Alternatively, governments and/or commodity industries could establish a 
marketing system that provides a premium to growers for low aflatoxin levels (or penalizes high 
aflatoxin levels, which may be less successful).  This system would provide economic incentives 
for the growers to pay for biocontrol, and is, most likely, the rational long-term approach. 
Meanwhile, public education on t he health effects caused by aflatoxins and the method to 
manage aflatoxins at the field level must be provided regularly in order to encourage people to 
adopt this new technology, and change their behavior to protect themselves from aflatoxins 
exposure.    
7.4.2 Postharvest intervention package: Technical feasibility 
In industrial nations, food storage and processing practices usually prevent postharvest 
development of mycotoxins, but postharvest mycotoxin accumulation remains a threat in many 
LDCs.  Hence, attention to key critical control points during harvesting, drying, and storage of 
food is essential, to reduce postharvest aflatoxin in LDCs (63, 64).  Reducing postharvest 
aflatoxin accumulation can begin with simple physical methods.  Mechanical sorting can 
separate aflatoxin-contaminated kernels from relatively cleaner ones, and proper drying can 
further reduce risks.  To prevent the growth of Aspergilli in food storage, it is necessary to 
control moisture, temperature, and pests (66).     
Combinations of these methods to reduce postharvest aflatoxin have been tested for 
efficacy in actual storage conditions.  Turner et al. (2005) describe a postharvest intervention 
package to reduce aflatoxin in groundnuts, tested in Guinea.  The package consisted of six 
138 
components: education for groundnut farmers on hand-sorting nuts, natural-fiber mats for drying 
the nuts, education on proper sun drying, natural-fiber bags for storage, wooden pallets on which 
to store bags, and insecticides applied on t he floor of the storage facility under the wooden 
pallets.   
After five months in the Guinea groundnut intervention study, individuals who had 
received and practiced the postharvest intervention package had on average 57.2% lower 
aflatoxin-albumin concentrations in the blood (8 pg/mg), compared with individuals in the 
control group (18.7 pg/mg; Turner et al. 2005).  Indeed, the adduct levels in the intervention 
group after five months was similar to the adduct levels in both groups immediately postharvest, 
while the average adduct level in the control group increased by over 100%.  Because this 
biomarker can be directly correlated with aflatoxin exposure in the diet (370), the results of the 
Guinea study imply that the postharvest intervention package could essentially prevent aflatoxin 
from accumulating beyond its immediate postharvest level, even after five months of storage.  
We evaluate the technical feasibility of the entire package in this study. 
Table 7-3  summarizes the characteristics of the postharvest intervention package as an 
aflatoxin reduction intervention in African countries that determine its overall feasibility. 
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Table 7-3. Technical feasibility characteristics of postharvest intervention package for aflatoxin control in 
Africa 




Stability Drying/storage materials could last for 3-4 years if kept 
properly 
Safety profile Extremely safe. Only potential health risk concerns 
insecticide use: not expected to be a problem if already 
locally available and a familiar product to farmers. 
Ease of storage and 
transport 
Most raw materials are locally available; fiber mats and 
bags and pallets may need to be stored away from 
moisture and pests to extend lifetime 
Supplies Need for regular 
supplies 
Drying/storage materials could last for 3-4 years if kept 
properly 
Equipment High-technology 
equipment needed  
None; entire intervention relies on c ommunity-based 
technology and materials  
 Maintenance needed Fiber bag, mat and wooden pallet can become 
contaminated with fungi; sun drying and proper storage 
after use may reduce risk 
Delivery characteristics 
Facilities Retail sector and 
outreach services 
If drying and storage materials are not made by each 
household, large scale production of these materials 
could be an option (e.g., for pallets). Local retail stores 
could provide the finished mats, bags, and pallets. 
Human resources Skill level required for 
service provision 
Community volunteers/ agricultural extension staff or 
local agricultural authorities, to educate growers on the 
risks of aflatoxin and the methods of using the complete 




Table 7-3 (continued) 
Category Criteria Intervention 
Government capacity requirements 
Regulation / 
legislation 





sectors and between 
government and other 
groups 
Collaboration between health and agricultural sectors, as 
well as between national and local level governments, is 
important.  O utreach staff are an important part in this 
community based intervention.  
Funding from external agencies may be desirable to 
offset the initial costs of the packages. 
Usage characteristics 
Ease of usage Need for 
information/education 
While the need for information and education is high 
(e.g., hand-sorting, drying, specific storage 
requirements), usage itself should be simple because of 
the cultural familiarity of the overall practices  
Pre-existing 
demand 
Need for promotion Though the practices of drying and storage are familiar, 
the specifics (e.g., wooden pallets, fiber mats and bags) 
may not be, and growers may not understand the need for 
them.  Hence, the need for promotion is crucial. 
Black-market risk Counterfeit prevention Low risk of counterfeiting  
 
7.4.2.1 Postharvest intervention package: Basic characteristics.   
A beneficial feature of the postharvest intervention package is that most aspects of it are simple 
modifications of already-existing, culturally appropriate practices.  Groundnut growers 
throughout Africa are already employing various methods to dry and store – and even apply 
insecticides to – groundnuts.  The intervention builds upon what is already being done, with a 
specific goal of reducing aflatoxin accumulation. 
Hence, the package’s basic characteristics are simple and not substantially different from 
those of current practices for postharvest groundnut treatment in Africa.  The recommended 
drying and storage materials (natural fiber mats and bags, wooden pallets) could last 3 to 4 years 
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if kept properly (Dr. Christopher Wild, personal communication).  The mats and bags are, 
however, susceptible to mold and toxin contamination if not dried and stored properly; and 
people may use the wooden pallets for firewood or other uses if wood is scarce.  The materials 
themselves are generally safe; the only potential health risk is through exposure to the 
insecticide.  There is not likely to be additional risk, as insecticide recommendations for this 
package are based on what is already being used by growers.  Most raw materials are locally 
available (67).   
7.4.2.2 Postharvest intervention package: Delivery characteristics.   
In order to deliver the postharvest intervention package to groundnut growers, provisions must 
be made for both facilities and human resources.  As described above, wooden pallets should be 
custom-made and sold or distributed at local markets.  Natural-fiber mats and bags can likely be 
purchased locally or made at home, with materials from cloth retailers. 
A critical issue in the success of the postharvest package is public education. Hence, the 
human resource requirement is possibly the most important aspect of this intervention, as well as 
potentially the most difficult.  Farmers must be shown how to identify groundnuts that are visibly 
moldy or damaged, and to discard them before storage.  They must be shown how to judge the 
completeness of sun drying (on fiber mats) by shaking the kernels to listen for the free movement 
of the dried nuts.  They must also be educated on the proper way to store the dried nuts: in 
natural fiber bags, on wooden pallets, with insecticide spread underneath (Turner et al. 2005).  A 
substantial network of agricultural extension workers is needed to provide this education in rural 
groundnut-growing villages of Africa, to ensure the broader adoption that can lead to population 
health benefits.  With proper training from extension staff, individuals in communities may be 
able to educate and train other farmers in their communities to apply the postharvest intervention 
package properly.  It is crucial to develop community interest and support for such an 
intervention to succeed. 
7.4.2.3 Postharvest intervention package: Government capacity requirements.   
Presuming that the insecticides used are already registered in the target countries, no special 
regulation is required for wide-scale adoption of the intervention package anywhere in Africa.  
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Collaborative efforts between health and agricultural sectors would likely be beneficial in the 
efforts to educate groundnut growers throughout the nation, and to provide the necessary 
materials where growers would not be able to afford them.  Funding from external agencies may 
be desirable to aid in the public education efforts, as well as to offset the initial costs of the 
packages. 
7.4.2.4 Postharvest intervention package: Usage characteristics.   
As described above, this intervention would rely heavily on user knowledge of and adherence to 
practices that reduce aflatoxin in postharvest conditions.  Fortunately, growers are already 
practicing many of these post-harvest activities (sorting, drying, storage) in some form; it is  a 
matter of optimizing the activities to reduce aflatoxin accumulation.  The activities included in 
this intervention are culturally appropriate for many rural groundnut growers in Africa.  There 
may be, however, difficulties in changing current practices.  A previous study on a different 
postharvest intervention showed that only 6.3% of farmers in the Southern Guinea Savannah 
adopted an improved “crib” storage structure for crops, recommended by the Food and 
Agriculture Organization (371), though it was promoted in those communities.  Behavioral 
change, even if beneficial, may be slow among communities. 
7.4.2.5 Postharvest intervention package: Economic issues.   
As with biocontrol, the main challenge to widescale adoption of the postharvest intervention 
package is providing the right economic incentives.  Individual groundnut growers need the 
motivation to undergo the education and all the actions and costs needed to implement this 
package, which can be difficult if aflatoxin is not recognized as a significant public health or 
market problem.  In this case, unlike biocontrol, the package cannot be applied by agricultural 
staff going from household to household; the growers themselves must implement the 
intervention.  Moreover, the total package was estimated in 2005 to cost $50 per household (67).  
The wooden pallet, the largest cost in the total intervention package, is the most difficult part for 
groundnut growers to be able to make on t heir own.  These must be purchased or otherwise 
distributed from retail outlets.   
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Economic issues of a different nature concern the incentives of poor growers who do not 
understand or seriously regard the extent of aflatoxin-induced illness.  First, one must consider 
the fate of groundnuts sorted out because of high aflatoxin levels.  Even if growers are trained to 
do this with a high degree of accuracy (as part of the postharvest intervention package), it is not 
known what would happen to those contaminated nuts.  If they are kept out of the marketplace, 
then indeed, consumers who can afford to buy nuts from markets will be better-protected.  But if 
they are consumed by poor households who cannot afford to discard the nuts, then the poorest 
people in Africa would still suffer the greatest burden of aflatoxin-induced risk.  Second, if wood 
is a scarce resource in poor households, the wooden pallets may be destroyed for alternative uses 
(such as firewood) rather than used for their intended purpose: to elevate the stored groundnut 
bags for postharvest protection against aflatoxin accumulation. 
Hence, as part of this intervention package, public education on health risks of aflatoxin 
is absolutely crucial, to ensure the right economic and health incentives for groundnut growers to 
adopt the intervention and to remove highly contaminated nuts from the human food chain. 
7.4.3 NovaSil: Technical feasibility 
A variety of dietary interventions can reduce aflatoxin-related health risks.  One simple dietary 
intervention, where feasible, is to consume relatively less maize and groundnuts, in favor of 
other food crops that usually have lower aflatoxin levels such as sorghum and pearl millet (69).  
Where it is not easy to make such a conversion, however (e.g., where maize and groundnuts have 
traditionally been staples in the diet), other dietary interventions may prove helpful.  D ietary 
additives to reduce aflatoxin-induced risk include enterosorbents that “trap” aflatoxin in the 
gastrointestinal (GI) tract, facilitating elimination (70, 78); agents that induce Phase 2 enzymes 
to conjugate aflatoxin’s reactive oxygen species in the liver (74, 85, 86) ; or anti-inflammatory 
agents (76, 105). 
We focus on NovaSil clay, an enterosorbent of aflatoxin.  Enterosorbents can be blended 
into food or feed, or taken separately (e.g., in capsule form) during mealtimes to bind aflatoxin in 
the GI tract, resulting in reduced aflatoxin bioavailability in the body.  Several materials have 
varying degrees of this ability to bind aflatoxin, including bentonites, zeolites, diatomaceous 
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earth, activated charcoal, yeast cell walls, and fibers from plant sources.  One material that has 
proven effective in animal feed and is showing promise in human trials is calcium 
montmorillonite, marketed as NovaSil clay (NS).  NS has been shown to prevent aflatoxicosis in 
many animal species when included in their diet, by binding aflatoxin with high affinity and high 
capacity in the GI tract (70).  Importantly, in humans, aflatoxin-albumin adducts in both low-
dose and high-dose NS intervention arms were significantly lower than those in the control arm 
after three  months, with a roughly 25% reduction: 0.89-0.90 pmol/mg adducts in albumin 
compared to 1.20 pmol/mg in the control arm. However, only the high- dose group shows the 
significant lower levels of AFM1 after three months (104).    
One advantage of including NS (or other effective enterosorbents) in a comprehensive 
plan to reduce aflatoxin risk is that it can mitigate adverse health effects even if preharvest and 
postharvest conditions were conducive to high aflatoxin levels in food.  NS could conceivably be 
used in “emergency” situations when aflatoxin levels are determined to be high in foodstuffs – 
by then, it is too late to change preharvest or postharvest practices to improve the food available 
to people at that moment, and few other options to reduce aflatoxin risk are possible.  While NS 
does not directly reduce aflatoxin levels in food, it can reduce aflatoxin bioavailability.  The 
feasibility of including NS as an aflatoxin risk-reduction intervention is summarized in table 7-4. 
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Table 7-4. Technical feasibility characteristics of NovaSil clay for aflatoxin risk reduction in Africa 




Stability Stable under normal conditions; loss of binding capacity 
(primary mechanism to reduce aflatoxin bioavailability) 
if heated ≥ 200° C over 30 minutes  (372) 
Standardization Needed for human consumption purposes, to ensure 
reliable dose whether in capsule form or blended in meal  
Safety profile No significant changes in hematology, liver, kidney 
function, vitamin A and E levels, and mineral levels. 
Mild gastrointestinal symptoms have been observed. 
Sterilization and standardization necessary. 
Ease of storage / 
transport 
No special requirements for storage.  Transportation is 
needed from other parts of world where clays have 
shown aflatoxin-binding properties and can be sterilized 
and standardized. 
Supplies Need for regular supplies A regular supply is needed in aflatoxin-vulnerable 
regions, because of daily consumption requirements 
Equipment High-technology 
equipment and 
infrastructure needed  
If imported, no local high-technology equipment is 
needed. If produced locally, sophisticated manufacturing 
and packaging equipment is needed. 
Delivery characteristics 
Facilities Retail sector and 
outreach services 
Depending on de livery method (capsules, blended into 
meal, etc.), can be purchased or distributed in food 
markets or local health centers 
Human resources Skill level required for 
service provision 
Staffs are needed to distribute NS in the appropriate 
manner to the general public (e.g., blending the product 
into meal, selling or providing caplets). If production is 
done locally, trained scientists are required for 





Table 7-4 (continued) 
Category Criteria Intervention 
Government capacity requirements 
Regulation/ 
legislation 
Need for regulation May be subject to food additive regulations in target 
nations 
 Need for monitoring and 
enforcement 
Monitoring needed to prevent potential counterfeiting / 
inappropriate health claims of untested clay    
Management 
systems 
Need for sophisticated 
management systems  
Need for government financing and management to 
subsidize NS if it is incorporated in major food products, 
or if distributed for free in capsule form. It is also 
necessary to manage potential risks of counterfeiting and 





sectors and between 
government and other 
groups 
Depending on NS’s delivery mechanism, coordination is 
needed between agricultural, health, pharmaceutical, and 
food-related governmental sectors. 
Community volunteers can help government to monitor 
inappropriate use or the presence of counterfeiting. 
Because this intervention requires continuous action 
(monetary support), funding from international 
organizations may be crucial. 
Usage characteristics 
Ease of usage Need for 
information/education 
In aflatoxin-vulnerable areas, education is needed on 
when, why, and how often to consume NS.  May be 
difficult for individuals to remember or to desire to take 
NS capsules with each meal, so alternative delivery 
mechanisms should be considered (e.g., blending NS into 
maize or groundnut meal). 
Pre-existing 
demand 
Need for promotion Geophagy is common in certain parts of world; however, 
there is a need to promote NS specifically as 
distinguished from common clays, and why aflatoxin is 
an important risk to control. 
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Table 7-4 (continued) 
Category Criteria Intervention 
Black-market risk Need to prevent 
resale/counterfeiting 
Potential risk of counterfeiting with common clays that 
do not adsorb aflatoxin in the GI tract 
7.4.3.1 NovaSil: Basic characteristics.   
NS is one of only several types of clays that can properly adsorb aflatoxin in the GI tract; hence, 
it is important to distinguish NS in any public education effort, to prevent the belief that any clay 
would have the same property.  NS is stable under normal conditions of temperature and 
moisture; it loses aflatoxin-binding capacity if heated to over 200°C for over 30 minutes (372).  
Standardization is important, whether NS is administered in capsules or blended into maize or 
groundnut meals, to ensure effective and safe doses for humans.  Although mild GI symptoms 
were reported in an initial human trial, Phase I (72) and Phase II (73) clinical trials confirm the 
safety of NS for use in human food, and provide assurance that it does not bind and result in 
elimination of nutrients such as vitamins A and E.  Indeed, NS has a notable preference and 
capacity for aflatoxin (70). 
A regular supply of NS would be needed in aflatoxin-vulnerable regions, because of daily 
consumption requirements; i.e., NS should be consumed whenever aflatoxin is present at 
potentially risky doses in food.  Because not every African geographic region has types of clays 
necessary to bind aflatoxin (70), NS (or other adsorbent clays) must be imported.  Hence, it is not 
necessary to set up the extensive high-technology equipment and infrastructure needed to 
produce and maintain NS throughout Africa.  However, because NS must be supplied from 
elsewhere on a regular basis, transportation and delivery costs may be high. 
7.4.3.2 NovaSil: Delivery characteristics.   
Depending on the delivery method to consumers (capsules, blended into meal, or other options), 
NS can be purchased or distributed in food markets or local health centers.  If any part of the 
production chain is carried out locally (including blending the clay into the meal), trained 
personnel are required.   
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If NS must be imported, as described above, transportation and delivery issues to at-risk 
populations are among the top priorities that need to be planned in advance. To whom, and how, 
will the clay be delivered, and what is the anticipated cost?  Is this a u niversal coverage 
intervention?  If not, which populations are the target groups? Will this intervention be used 
every day for an extended period of time, or only occasionally, when high levels of aflatoxin are 
detected in food crops?  All these issues must be resolved to understand and budget for demands 
on delivery mechanisms.  
7.4.3.3 NovaSil: Government capacity requirements.   
NS may be subject to regulations governing food additives in target nations.  National and local 
governments, in collaboration with outside partners, need to make a financial investment for the 
initial subsidy of NS, as many of the most aflatoxin-vulnerable populations do not  have 
sufficient funds to purchase quantities necessary to reduce risk through NS consumption on a  
regular basis.  There is also a need for government-funded inspection and monitoring to prevent 
potential counterfeiting of NS products; i.e., producing and marketing clays that do not  bind 
aflatoxin and may indeed cause adverse health effects.  Depending on the delivery mechanism of 
NS, coordination is needed among agricultural, health, pharmaceutical, and food-related 
government sectors.  
7.4.3.4 NovaSil: Usage characteristics.   
When considering who would use NS, and under what conditions, it is important to consider 
likelihood of adherence to a demanding regimen.  For optimal effectiveness, consumers should 
take NS at every meal in which aflatoxin-contaminated foodstuffs (such as maize or groundnuts) 
were present.  However, it is impossible under most circumstances for consumers to know 
whether their foods have high aflatoxin levels, so taking NS with every meal, regardless of 
aflatoxin exposure, is a possible recommended regimen.   
If NS were administered in capsule form, many people would likely object to the idea of 
taking a capsule with every meal for extended periods of time, especially if they do not  
understand or appreciate aflatoxin-related health risks.  Blending NS into maize and/or 
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groundnut meal eliminates the problem on adherence issue and has the advantage of including 
the product only with foodstuffs (maize and groundnuts) that could have high aflatoxin levels.   
As to whether the product itself would be accepted culturally: Geophagy, the practice of 
consuming clay(s), is widely accepted in many parts of Africa, as well as in several other parts of 
the world, such as China (70).  Certain African populations consume clay for several purposes, 
such as detoxifying dietary toxins, treating GI symptoms, and neuropsychological comfort (373).  
Even though promotion of NS clay as a dietary prevention is unlikely to be difficult from a 
cultural standpoint, promoting the right clay is important.  Public educational efforts are 
necessary to explain the benefits of NS-enriched meal (or NS capsules; for example, in the case 
of emergencies), and to direct consumers toward using the right product. 
7.4.3.5 NovaSil: Economic issues.   
The cost of the product itself is less than one dollar per year per person for 3-gram estimated 
daily dose (Dr. Timothy Phillips, personal communication).  Even such a low cost, however, 
may be unaffordable on a daily basis in certain parts of the world, where poverty is rampant and 
aflatoxin is a significant problem.  In all likelihood, governments in collaboration with external 
funding agencies would need to provide the resources to deliver NS to populations in need.  
Indeed, this low product cost may be insignificant compared with the higher cost of transporting 
the material from another part of the world.  NS proves most cost-effective when other methods 
– preharvest and postharvest – fail to prevent dangerously high levels of aflatoxin from entering 
the food supply.  More economic research is needed on whether it is more cost-effective to only 
supply NS during “emergency” situations, or whether NS should become a semi-regular part of 
diets in certain regions of the world.  
7.4.4 Hepatitis B vaccination: Technical feasibility 
Hepatitis B is an infectious disease that affects the liver.  The hepatitis B virus (HBV) can cause 
acute illness, characterized by GI symptoms, tiredness, jaundice, and muscle and joint pain.  In 
about 10% of cases, HBV can also cause chronic infection, which can result in liver cancer, 
cirrhosis, and death.  HBV is spread through contact with body fluids of an infected person.  In 
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LDCs, individuals are most commonly infected with HBV through maternal-to-child 
transmission.  HBV is also transmitted through contact with body fluids through breaks in the 
skin, contact with objects that have body fluids on them, unprotected sex with infected 
individuals, and needle sharing (374).  
A regular practice now in the US and other developed nations, HBV vaccination in 
children is still rare in many parts of the world.  Vaccinating children against HBV has been 
shown, over the last three decades, to significantly decrease HBV infection in several regions 
including Europe (91, 92), Taiwan (93), and Thailand (94).  This vaccine has already had, and 
will continue to have, significant impacts on liver cancer incidence, particularly in Africa and 
East Asia.   
Though the HBV vaccine itself does not affect actual aflatoxin levels in diets, it reduces 
aflatoxin-induced HCC by lowering HBV risk, thereby preventing the synergistic impact of 
HBV and aflatoxin in inducing liver cancer.  For individuals who are chronically infected with 
HBV (common in China and Africa), aflatoxin consumption raises by up to thirty-fold the risk of 
liver cancer compared with either exposure alone (33).  Hence, lowering the risk of chronic HBV 
infection through HBV vaccination could reduce by 30 times the risk of aflatoxin-induced liver 
cancer, and may also play some role in reducing aflatoxin-induced cirrhosis (357).  However, the 
vaccine may not prevent other adverse effects caused by aflatoxin (e.g., immunomodulatory 
effects).  The feasibility of including the HBV vaccine as an aflatoxin risk-reduction intervention 
is summarized in table 7-5. 
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Table 7-5. Technical feasibility characteristics of Hepatitis B vaccination for aflatoxin risk reduction in Africa 




Stability Vaccine should be stored between  2°C to 8°C 
(refrigerated, not frozen) (Drugs.com 2009) 
Standardization Necessary to ensure that all vaccine doses are the same 
for a given target group, and safe for that group 
Safety profile This vaccine is very safe. The most common side effect 
is pain at the site of injection. There is no clear 
association to other serious side effects (NFID 2009).  
However, it is crucial that needles be kept sterilized and 
that vaccines be kept refrigerated.  
Ease of storage and 
transport 
Vaccines require cold storage (See above; applies to 
transportation conditions as well) 
Need for regular 
supplies 
To reduce HBV prevalence, multi-generation vaccination 




infrastructure needed  
Cold storage is necessary to preserve the vaccines, which 
can be a challenge in areas without electricity. Existing 
infrastructures in hospitals and other health centers can 
facilitate vaccination. 
Number of different 
types of equipments 
Temperature controlled chambers/containers 
Needle syringe 





Table 7-5 (continued) 
Category Criteria Intervention 
Delivery characteristics 
Facilities Retail sector Vaccines must be provided by a reliable source to ensure 
efficacy, cleanliness, and proper dosage  
Outreach services Mobile vaccination services (door-to-door) may be 
possible and desirable in certain communities 
First level care Community education on HBV’s health effects and how 
to prevent infection is desirable 
Hospital care Clinics can provide vaccination to infants and previously 
unvaccinated, uninfected people 
Human resources Skill level required for 
service provision 
Nurses, medical assistants or other trained personnel to 
administer vaccines 
Skill level required for 
staff supervision 
Medical staff required 
Intensity of professional 
services 
(frequency/duration)   
Regular service is required to supply vaccines to health 
care facilities 
 Management and 
planning requirements 
Because this vaccine is not locally manufactured in most 
of the high-HBV-prevalent countries, planning and 
management of vaccine inventories and funding are two 
requirements.  Planning should also cover how the 
vaccine reaches the target population, evaluation, and 
up-scaling of the program.     
Communication 
and transport 
Delivery dependence on 
communication and 
transport infrastructure 
Cold storage needed.  To reach large proportions of the 
target population, it is important to distribute this vaccine 
to every part of the country: all local clinics and health 
centers, if possible.   
Government capacity requirements 
Regulation/ 
legislation 
Need for regulation No special regulation is required, but government must 
see HBV vaccination as priority to mobilize resources 
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Table 7-5 (continued) 
Category Criteria Intervention 
Management 
systems 
Need for sophisticated 
management systems  
Clinics and other health care centers must be connected 
with vaccine supply outlets, and staff should be trained 





sectors and between 
government and other 
groups 
Health departments within each nation should coordinate 
with each other and international health organizations to 
provide vaccines regularly where needed. External 
funding is necessary, because in order to achieve 
widespread vaccination, continuity of the program is a 
vital part. Without external funding or support from 
external agencies, it can be difficult for poorer nations to 
maintain this program.    
Usage characteristics 
Ease of usage Need for information / 
education 
Individuals must understand need for vaccine as well as 




Need for promotion Vaccination has already been promoted in many African 
nations, but especially in rural areas, greater effort is 
needed to educate the public on benefits of vaccines. 
Black-market risk Need to prevent 
resale/counterfeiting 
Low risk of resale or counterfeiting 
 
7.4.4.1 HBV vaccine: Basic characteristics.   
The HBV vaccine is made from a part of the virus, and cannot cause infection.  I t is usually 
given as a series of 3 or 4 shots, each one conferring ever-greater protection against chronic 
HBV infection risk.  It is recommended that all children receive their first dose of HBV vaccine 
at birth, because of the maternal-to-child transmission risk (375, 376) and complete the vaccine 
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series by 6-18 months of age.  A dditionally, any child, adolescent, or adult who has not been 
previously vaccinated should receive the vaccine (374). 
To maintain product stability, the vaccine should be stored between 36-46 °F 
(refrigerated, but not frozen; Drugs.com 2009).  Generally, vaccines have been standardized 
during their manufacturing processes.  This is necessary to ensure that all vaccine doses are the 
same, and at safe and effective doses, for the target population.  The HBV vaccine has been used 
for decades safely, with low risk of significant side effects; the most common side effect is pain 
and swelling at the site of injection (377).  However, it is crucial that needles be kept sterilized 
and not shared, and that the vaccine remains refrigerated at all times before use. 
One main technological challenge for many parts of rural Africa lies in providing and 
maintaining cold storage for the vaccines (376).  Cold storage is difficult where electricity is not 
available.  Indeed, the rate of accessibility to electricity in sub-Saharan African populations was 
approximately 15% in 2005 (378).  It is also not optimal for individuals to have to travel too far 
in order to receive the vaccine (e.g., to the clinic of the nearest village that does have electricity), 
as incentive to receive the vaccine may decrease.  Other types of equipment/supplies needed 
include needle syringes and antigen-antibody titer checks.  A regular supply of the vaccine is 
needed throughout populations in Africa, to vaccinate children when they are born, and to others 
who have not previously received the vaccine. 
7.4.4.2 HBV vaccine: Delivery characteristics.   
Vaccines could be delivered in at least two different general methods in Africa, to reach as much 
of the population as possible.  One is to deliver the vaccine at existing hospitals, clinics, and 
other health care centers.  This would be the main means by which to reach urban populations 
and more technologically sophisticated villages.   
Another option is to deliver the vaccine through a mobile vaccination service, traveling 
door-to-door as necessary with cold storage in the medical vehicle: focusing at first on reaching 
everyone who had never been previously vaccinated, then focusing primarily on reaching 
newborn babies (if possible).  Even if it were impossible to perfectly target the households with 
newborn babies, simply vaccinating the mothers in a broad vaccination outreach could 
dramatically reduce the risk of HBV transmission to babies.  To this end, the vaccine must be 
kept cold but not frozen during transport.  It is recommended to use frozen packs for hot-weather 
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conditions or refrigerated packs for cold-weather conditions during transportation.  Proper 
insulation such as crumpled paper or buble wrap should be use to keep the vaccine from direct 
contact with frozen pack or shifting during transport. Moreoverm insulated container should be 
kept in a cool place in the vehicle if possible (379). Even with this mobile vaccination option, 
reaching a broad population in Africa may be difficult; as averaged transport access rate by road 
in sub-Saharan Africa in 2005 ranged from 60% −70% (378).   
Vaccines must be provided by a reliable source to ensure efficacy, cleanliness, and proper 
dosage.  Nurses, medical assistants, or other trained personnel can administer the vaccines.  
Aside from administration of the vaccine, outreach services should also be provided to educate 
the public on the importance of vaccination and completing the recommended regimen.   
7.4.4.3 HBV vaccine: Government capacity requirements.   
Initiating, preparing, and maintaining a vaccination program is an extremely complex task; and 
requires governmental coordination at the administrative, technical, medical, logistic, 
educational, financial, and political levels (376).  Clinics and other health care centers must be 
connected with vaccine supply outlets, and staff should be trained on how to properly administer 
the vaccines, especially to avoid cross-contamination through needles.   
External funding is almost certainly necessary in most sub-Saharan African countries, 
because in order to achieve widespread immunity to the disease among a population, continuity 
of the program is a vital part.  Fortunately, the Global Advisory Group of the Global Alliance for 
Vaccines and Immunization (GAVI), supported by UNICEF, WHO, and the Bill and Melinda 
Gates Foundation, has specifically recommended that HBV vaccination be integrated into 
national immunization programs in all countries of the world (380).  GAVI provides funds and 
other resources to implement HBV vaccination in nations whose gross national income is below 
1000 USD per capita per annum.  Hence, most sub-Saharan African nations qualify for GAVI 
assistance, and efforts have been made to spread HBV vaccination there since the early 1990s.  
Yet as of 2008, 20% of all unvaccinated children globally were in sub-Saharan Africa (376).  
(The only place in the world that has a greater number of HBV-unvaccinated children is India.)  
African nations that accepted GAVI aid now have between 50-96% coverage of infant HBV 
vaccination, while Nigeria, which qualifies but did not accept GAVI aid, has HBV vaccination 
coverage of only 27% (376). 
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7.4.4.4 HBV vaccine: Usage characteristics.   
The goal of any vaccination program is to immunize as many individuals as possible, so as to 
prevent spread of the disease.  It is important to promote and educate about the HBV vaccination 
program to encourage individuals to complete their vaccination regimen (3 boosters on average 
to provide near-lifetime immunity).  For example, for individual boosters, coverage rate of HBV 
immunization in a large cohort of infants in Venda, South Africa dropped rapidly from 99% to 
53% and 39% for the first dose, second dose, and third dose, respectively (381).   
7.4.4.5 HBV vaccine: Economic issues.   
Economic considerations for the HBV vaccine are not substantially different from those of other 
common vaccines in less developed countries.  The vaccine itself is extremely inexpensive, 
considering its lifetime benefit: less than $1 per dose (127), with three doses are recommended 
per individual to provide up to 95% efficacy in HBV protection (112).   
Even so, in order to impact as many people as possible, HBV vaccination programs in 
relatively poor African nations may require external funding to be initiated and/or sustained.  
Currently, as described above, HBV vaccination in several African countries is financially 
supported by GAVI.  As a result of GAVI funding and other resource support, HBV vaccination 
among infants has increased enormously in the last decade (376).  Still, there are many African 
nationsthat do qualify for GAVI funding but have not yet applied for it.   
Economic issues surrounding HBV vaccination in Africa are largely out of the hands of 
individuals.  Governments need to decide that HBV vaccination is a priority, and to contribute 
funds or apply for funds in order to reduce the burden of HBV-related disease.  As populations in 
many of these nations are also vulnerable to high aflatoxin levels in their food, reducing HBV 
risk becomes an even more important problem, regarding liver diseases such as cancer and 
cirrhosis.  This information on the synergistic risks of aflatoxin and HBV should be conveyed to 
governments to emphasize the importance of reducing either, or both, risk factors. 
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7.5 DISCUSSION 
No  one  intervention  to  reduce  aflatoxin risk in Africa  emerges  as being  “most feasible” in all 
categories.  Each  has its  unique  benefits and drawbacks   for wide-scale adoption in Africa.  For 
example, biocontrol is highly cost-effective and reduces  aflatoxin at its earliest stages.  However, 
professional  staff and  training requirements may be high.  The postharvest intervention package 
has the benefits of cultural appropriateness and adaptability to multiple different local settings, as 
well as  low  technology and  equipment requirements.  However, there is a high public education 
component  for  proper  sorting  and  drying  practices,  and  compliance  requirement  for  health 
benefits.     NovaSil   may   prove   a   life-saver in   emergency  situations  when  preharvest  and 
postharvest  means  have failed  in keeping high aflatoxin levels out of food, but long-term public 
adherence  may  be  problematic.  The HBV vaccine has high global-level support and needs only 
be  administered  three  times in a lifetime to ensure high protection against liver-related diseases, 
but clinical and facility requirements are high.   
As  different  as  these  interventions  are  from  each  other, certain general trends emerge 
from  a  technical  feasibility  study.   The  first  is  that  public  and  governmental  education  on 
aflatoxin risk is absolutely crucial to provide economic incentives to adopt interventions.  Even if 
an  intervention  to  reduce  aflatoxin  risk  is cost-effective, in terms of lives saved and quality of 
life improved  (Wu and Khlangwiset 2009), there may still be no incentive to implement it unless 
health  and  market  effects  of  aflatoxin  are  fully  understood.   It  is worth noting that aflatoxin 
exposure  in  Ghana  has  been  shown  to  be significantly correlated with farmers’ knowledge of 
aflatoxin risk  (Jolly et al. 2006),  while farmers’ knowledge  of  aflatoxin  risk in Benin has been 
correlated with the motivation to implement aflatoxin-reduction interventions (Jolly et al. 2009).   
Education  must  take  place  in  at least three different  levels.  Government  policymakers 
must  first  receive  information  about  the  burden of aflatoxin-induced  disease in their nations – 
both  in  terms of health and market effects – as  well as information about  possible interventions, 
their   cost-effectiveness   in   reducing  aflatoxin,  and  their   technical  feasibility  requirements.
Obtaining  the  appropriate  information  will  motivate  them  to  provide  the  finances  and other 
resources   necessary   to   initiate   the   interventions.      Also,  depending   on   the   intervention 
characteristics, either  the farmers, or the consumers,  or both these groups must receive education 
on  why  aflatoxin  is  a  concern  and  how  to  implement  the intervention  in  question.   Finally, 
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international  health  and  agricultural  organizations  must  e  informed about the extent to which 
aflatoxin   can  affect  both  food  markets  and  public  health.   This will provide incentive to aid 
nations in which aflatoxin is still a significant problem in food. 
The  second  trend  is  that  interventions  would  ideally  be  combined  in a suite to solve  
aflatoxin  problems  in LDCs.  The one s analyzed in this study represent preharvest, postharvest, 
dietary,  and  clinical solutions to the problem.  Each one, taken alone,  could reduce a significant 
burden of aflatoxin risk;  but potential  failures in the  overall system could result in gaps through 
which   high  contamination  events  could  occur.     Biocontrol   would  help   reduce  preharvest 
aflatoxin accumulation from the start, to ameliorate any potential problems further along the food 
chain.   The  postharvest  intervention  package  significantly  reduces  aflatoxin in storage so that 
even  food  stored  for longer periods of time would have greater safety.   NovaSil can serve as an 
enterosorbent  to  reduce  aflatoxin  risk  in cases where food is already highly contaminated.  The 
HBV vaccine lowers the overall risk of specific liver diseases for which aflatoxin is a risk factor. 
The  third trend is that, after appropriate funds are obtained, delivery of the intervention to 
people  and  places  in need may be the most significant challenge to implementing aflatoxin risk-
reduction  interventions.     In  three  of  the  four case studies described in this study, the delivery 
would  cost  more  than  the  intervention  itself – in  some  cases,  significantly  more.     The one 
exception  is  the  postharvest  intervention  package, whose materials can be obtained locally.   In 
the  other  cases,  either  the  intervention  must  be  imported,  or  significant  effort  is  needed  to 
establish  the  equipment  and  personnel  necessary  in  various  parts  of  the country to reach the 
target population.   
Understanding  constraints  to  feasibility of interventions aids scientists and policymakers 
to think beyond efficacy,  and  even  beyond  material costs.   For  interventions to succeed in less 
developed   countries,    governments,   scientists,    international   organizations,    farmers,    and 
consumers must work collaboratively to overcome challenges in implementing the intervention – 
challenges  in  terms  of  human  resource  needs,  equipment  and  technology  and transportation 
requirements,   financial aid,   and  user  adoption  constraints.     Feasibility analyses can indicate 
research  and  development priorities in order to improve likelihood of adopting interventions that 
can improve public health and market outcomes. 
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8.0  CONCLUSIONS, LIMITATIONS, AND PUBLIC HEALTH SIGNIFICANCE 
8.1 CONCLUSIONS 
We have estimated that out of total liver cancer cases in Nigeria, more than 50% are HBV-
related (59-62%). The liver cancer caused by aflatoxin accounts for about 8-27% of total liver 
cancer in Nigeria. However, there is an overlap between the liver cancers caused by the HBV 
infection and aflatoxin; about 7-23% of total liver cancer are the results of the synergistic effect 
of aflatoxin and chronic HBV infection.   
Since HBV plays a major role in Nigerian liver cancer risk, and because the HBV vaccine 
has such high efficacy, this vaccine delivers greater benefit to prevent liver cancer cases – even 
those induced by aflatoxin - compared with aflatoxin-specific interventions. Aside from 
providing greater efficacy to prevent liver cancer, the HBV vaccine also costs the least compared 
with the other three interventions: biocontrol, the postharvest intervention package, and NovaSil. 
According to WHO guidelines to evaluate the cost-effectiveness of public health interventions, 
HBV vaccination is highly cost-effective.  If liver cancer prevention were the only health 
endpoint of aflatoxin in which we are interested, the postharvest intervention package and 
NovaSil clay are not considered to be worthy of adoption. Biocontrol, depending on the levels of 
aflatoxin that would otherwise have existed, can be either cost-effective or non-cost-effective.  
The results from our review on the relationship between aflatoxin exposure and growth 
impairment led credence to the hypothesis that aflatoxin is associated with childhood stunting in 
high-risk areas of the world. Though it is  impossible to completely eliminate aflatoxin, it is  
crucial to keep levels “low.” High levels of aflatoxin can induce growth impairment, which 
results in a large public health burden.   
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       Table 8-1.  Summary of the cost and the numbers of prevented cases of aflatoxin control interventions        
Intervention Annual cost Millions 
USD) 
Case prevented 
Liver cancer Childhood stunting 
HBV vaccine 37.82–45.88 21,147–22,591 NA 
Biocontrol 75.40 1,065–2,886 736,000–1,015,000 
The postharvest 
intervention package 
103.68–259.20 388–405 231,000–255,000 
NovaSil 181.33 758–1,677 736,000–958,000 
Table 8-1 summarizes the annual cost of four aflatoxin control interventions and the 
numbers of liver cancer cases and cases of stunting that can be prevented by each intervention. 
The malnourished condition in children is not associated with chronic HBV infection (382-384). 
Therefore, HBV vaccine does not provide benefits on preventing stunting.  
Because of the complexity of the diet-disease interaction, the results should be interpreted 
cautiously. Aflatoxin could play a role in reducing growth performance in children who have 
preexisting risk factors such as borderline malnutrition, but not in children who are well 
nourished. However, in animal studies, aflatoxin caused growth impairment in animals fed diets 
similar to control animals (see chapter 5).  Our study shows that if other factors related to 
stunting in Benin and Nigeria are similar, dietary aflatoxin exposure can induce impairment in 
growth performance, including stunting, which is associated with an increased risk of dying from 
several diseases and/or conditions, such as diarrhea, pneumonia, malaria, and measles (229).  
Childhood stunting carries a greater overall burden than liver cancer for two main 
reasons. First the incidence of liver cancer is much lower than stunting. In general, liver cancer 
incidence is reported per 100,000; whereas, the incidence of stunting is per 100. S econd, 
compared with liver cancer, stunting occurs much earlier in life. Therefore, a life lost due to 
stunting-related conditions causes more than 30 DALYs.     
In our study, the benefit of preventing stunting is large. Including this benefit in 
evaluating aflatoxin risk-reduction interventions can make the difference between their being not 
cost-effective to being cost-effective in terms of DALYs saved. The cost of the postharvest 
intervention package to prevent one healthy life loss due to liver cancer is much higher than the 
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three-time Nigerian GDP per capita, even when the cost is reduced to 30% of its original cost or 
its efficacy was much improved to completely reduce aflatoxin in groundnuts. But once the 
benefit of preventing stunting is included, the postharvest intervention package becomes very 
cost-effective and still cost-effective even when the cost is 10 times higher than its current cost. 
This is similar to the other two aflatoxin-specific interventions: biocontrol and NovaSil clay.  
While any single intervention is very cost-effective if the benefit of preventing stunting is 
included and aflatoxin exposure is high enough to induce stunting, combinations of interventions 
are not cost-effective. Marginal cost-effectiveness assessment determines the ratio between extra 
benefit gained and extra cost from including an additional intervention. As a single intervention, 
biocontrol is able to reduce total aflatoxin exposure to be lower than the threshold of aflatoxin to 
induce stunting. Therefore, having an additional intervention does not increase the benefit of 
preventing stunting. Though the new intervention can prevent liver cancer, the benefit of 
preventing liver cancer in this case is very small compared to the extra cost of having one more 
intervention implemented. It is worthwhile to note that the results can be different if the exposure 
levels are extremely high, that biocontrol cannot reduce aflatoxin levels under the level “safe” 
for stunting. In this situation, having an additional intervention could cause a significant benefit.        
However, this does not mean that the intervention which provides the greatest efficacy 
and the cheapest cost to prevent one bad outcome is the ideal intervention. There are other 
aspects of the interventions that need to be considered: basic features such as safety and 
standardizability, delivery characteristics, usage characteristics, and governmental support. Our 
technical feasibility analysis revealed that each intervention has its own advantages and 
disadvantages. Limited infrastructure and resources in rural areas can be the reason that the best 
intervention cannot be practiced. For example, the HBV vaccine–the best intervention in our 
efficacy and cost-effectiveness studies–requires a cold chain to ensure that the HBV vaccines are 
kept between 2°C–8°C and a sufficient number of public health personnel are available to 
perform the vaccination. This may be infeasible in many rural communities worldwide. 
Moreover, some religious and personal beliefs may prevent babies from being vaccinated.      
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8.2 LIMITATIONS 
The first limitation in our studies is the absence of the data of aflatoxin levels in maize and 
groundnuts stored in Nigerian households. Since the products sold in markets are often stored for 
shorter periods compared with maize and groundnuts stored in growers’ household, aflatoxin 
levels in household goods would likely have higher levels of aflatoxin.   
Another limitation in our study is caused by the lack of information on the kinetics of 
aflatoxin in children. The conversion factor (37) used in this study to convert the levels of dietary 
aflatoxin exposure to the levels of AF-alb adducts was derived from adult subjects. However, the 
levels of albumin in children and adults are not much different, 34-42 mg/ml and 37-56 mg/ml 
for infants age 1-3 years old and adolescence age 7-19 years old, respectively (385).  Moreover, 
it was estimated that only 1-3% of aflatoxin is bound with albumin (386). Therefore, the effect 
from using an adult conversion factor to calculate children AF-alb adducts should not be 
significant.  
Currently, epidemiological studies on aflatoxin and growth impairment are limited to 
West Africa, East Africa, and the Middle East. The one study that showed a dose-response 
relationship between aflatoxin exposure and growth impairment was conducted in Benin and 
Togo.  Because of the complexity between diet and disease, our data on stunting may not be able 
to generalize to other populations whose diet or preexisting factors are much different than the 
studied populations in Benin and Togo.       
8.3 PUBLIC HEALTH SIGNIFICANCE 
Public health policy makers can use our data in this study to help them appropriately allocate 
limited resources, such as human and monetary resources, to reduce public health burdens of 
liver cancer and stunting caused by aflatoxin. The data from this study would highlight the 
importance and the knowledge gaps yet to be filled regarding aflatoxin toxicity in children.  We 
encourage researchers and grant providers to pay more attention to the toxicity of aflatoxin in 
this sensitive population. In general, the metabolic function, which is important for aflatoxin to 
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exert their carcinogenicity in children, is less effective compared with adults; but per kilogram 
bodyweight, children consume a much larger amount of food than adults. Therefore, children are 
considered to be a sensitive population. Importantly, if aflatoxin does not need to undergo 
metabolic pathways to cause impairment in growth performance, reduced metabolic function in 
children compared with adults put children in a dangerous situation. Finally, intervention 
developers can use our data to justify and improve their interventions. The postharvest 
intervention package can be modified to be more appropriate to apply to other food crops, such 







1. Cornell University.  Department of animal science. Aflatoxins : Occurrence and Health 
Risks. Plants poisonous to livestocks   [serial on the Internet]. 2008 [cited 2008, Oct 24]: 
Available from: http://www.ansci.cornell.edu/plants/toxicagents/aflatoxin/aflatoxin.html. 
2. Reddy SV, Waliyar F. Properties of aflatoxin and it producing fungi Aflatoxin   [serial on 
the Internet]. 2000 [cited 2008, Oct 28]: Available from: 
http://www.aflatoxin.info/aflatoxin.asp. 
3. Bommakanti AS, Waliyar F. Importance of aflatoxins in human and livestock health 
Aflatoxin   [serial on the Internet]. 2000 [cited 2008, Oct 28]: Available from: 
http://www.aflatoxin.info/health.asp. 
4. Hainaut P. Hepatitis infections, aflatoxin and hepatocellular carcinoma. Supplemento 
Iatreia. 2007;20(1):S–30. 
5. The US Center for Food Safety and Applied Nutrition. The bad bug book foodborne 
pathogenic microorganisms and natural toxins handbook [Electronic book]. Washington 
(DC): U.S. Food and Drug Administration, Center for Food Safety and Applied 
Nutrition; 1992 [cited 2008, Nov 12]. Available from: 
http://www.cfsan.fda.gov/~mow/chap41.html. 
6. Strosnider H, Azziz-Baumgartner E, Banziger M, Bhat RV, Breiman R, Brune MN, et al. 
Workgroup report: public health strategies for reducing aflatoxin exposure in developing 
countries. Environ Health Perspect. 2006;114(12):1898–903. 
7. Barrett JR. Liver cancer and aflatoxin: New information from the Kenyan outbreak. 
Environ Health Perspect. 2005;13(12):A 837. 
8. Center for integrated fungal research. Aflatoxin [serial on the Internet]. 2005 [cited 2008, 
Oct 29,]: Available from: http://www.aspergillusflavus.org/aflatoxin/. 
9. Eaton DL, Beima KM, Bammler TK, Riley RT, Voss KA. Hepatotoxic Mycotoxins. 
2008. 
10. Williams JH, Phillips TD, Jolly PE, Stiles JK, Jolly CM, Aggarwal D. Human 
aflatoxicosis in developing countries: a review of toxicology, exposure, potential health 
consequences, and interventions. Am J Clin Nutr. 2004;80(5):1106–22. 
165 
11. Larsson P, Tjalve H. Extrahepatic bioactivation of aflatoxin B1 in fetal, infant and adult 
rats. Chem Biol Interact. 1995;94(1):1−19. 
12. Wild CP, Turner PC. The toxicology of aflatoxins as a basis for public health decisions. 
Mutagenesis. 2002;17(6):471−81. 
13. Kensler TW, Qian GS, Chen JG, Groopman JD. Translational strategies for cancer 
prevention in liver. Nat Rev Cancer. 2003;3(5):321–9. 
14. United Nations Environment Programme, World Health Organization. Mycotoxins. 
Geneva: World Health Organization; 1979. 
15. Biomin. Mode of action | Toxicology | Metabolism. Origin matters mycotoxin affect 
everyone   [serial on the Internet]. Available from: 
http://www.mycotoxins.info/myco_info/science_moa.html#aflatoxins. 
16. Gratz S. Aflatoxin binding by probiotics: experimental studies on intestinal aflatoxin 
transport, metabolism and toxicity. Kuopio: University of Kuopio, Finland; 2007. 
17. Mykkanen H, Zhu H, Salminen E, Juvonen RO, Ling W, Ma J, et al. Fecal and urinary 
excretion of aflatoxin B1 metabolites (AFQ1, AFM1 and AFB-N7-guanine) in young 
Chinese males. Int J Cancer. 2005;115(6):879-84. 
18. An Z. Mycotoxin.  Handbook of Industrial Mycology: CRC Press; 2005. 
19. CAST. Mycotoxins : risks in plant, animal, and human systems. Ames, Iowa: Council for 
Agricultural Science and Technology; 2003. 
20. Jolly PE, Jiang Y, Ellis WO, Sheng-Wang J, Afriyie-Gyawu E, Philips TD, et al. 
Modulation of the human immune system by aflatoxin. In: Leslie J, Bandyopadhyay R, 
Visconti A, editors. Mycotoxins: Detection Methods, Management, Public Health and 
Agricultural Trade. Massachusetts: CABI Intl; 2008. p. 41–52. 
21. Marin DE, Taranu I, Bunaciu RP, Pascale F, Tudor DS, Avram N, et al. Changes in 
performance, blood parameters, humoral and cellular immune responses in weanling 
piglets exposed to low doses of aflatoxin. J Anim Sci. 2002;80(5):1250–7. 
22. Turner PC, Moore SE, Hall AJ, Prentice AM, Wild CP. Modification of immune function 
through exposure to dietary aflatoxin in Gambian children. Environ Health Perspect. 
2003;111(2):217–20. 
23. Jiang Y, Jolly PE, Ellis WO, Wang JS, Phillips TD, Williams JH. Aflatoxin B1 albumin 
adduct levels and cellular immune status in Ghanaians. Int Immunol. 2005;17(6):807–14. 
24. Genomic regions, transcripts, and products [database on the Internet]. NCBI. 2008 [cited 




25. Jiang Y, Jolly PE, Preko P, Wang JS, Ellis WO, Phillips TD, et al. Aflatoxin-related 
immune dysfunction in health and in human immunodeficiency virus disease. Clin Dev 
Immunol. 2008;2008:1–12. 
26. Dugyala RR, Sharma RP. The effect of aflatoxin B1 on c ytokine mRNA and 
corresponding protein levels in peritoneal macrophages and splenic lymphocytes. Int J 
Immunopharmacol. 1996;18(10):599−608. 
27. Gong YY, Turner PC, Hall AJ, Wild CP. Aflatoxin exposure and impaired child growth 
in west Africa: An unexplored international public health burden. In: Leslie J, editor. 
Mycotoxins: Detection Methods, Management, Public Health and Agricultural Trade. 
Massachusetts: CABI Intl; 2008. p. 53–66. 
28. Onofiok NO, Nnanyelugo DO. Weaning foods in West Africa: Nutritional problems and 
possible solutions. Food Nutr Bull. 1998;19(1):214–7. 
29. Shuaib FM, Jolly PE, Ehiri JE, Yatich N, Jiang Y, Funkhouser E, et al. Association 
between birth outcomes and aflatoxin B1 biomarker blood levels in pregnant women in 
Kumasi, Ghana. Trop Med Int Health. 2010;15(2):160–7. 
30. Abdulrazzaq YM, Osman N, Yousif ZM, Al-Falahi S. Aflatoxin M1 in breast-milk of 
UAE women. Ann Trop Paediatr. 2003;23(3):173–9. 
31. Sadeghi N, Oveisi M, Jannat B, Hajimahmoodi M, Bonyani H, Jannat F. Incidence of 
aflatoxin M 1 in human breast milk in Tehran, Iran. Food Control. 2009;20(1):75–8. 
32. Turner PC, Collinson AC, Cheung YB, Gong Y, Hall AJ, Prentice AM, et al. Aflatoxin 
exposure in utero causes growth faltering in Gambian infants. Int J Epidemiol. 
2007;36(5):1119–25. 
33. Groopman JD, Kensler TW. Role of metabolism and viruses in aflatoxin-induced liver 
cancer. Toxicol Appl Pharmacol. 2005;206(2):131–7. 
34. Azziz-Baumgartner E, Lindblade K, Gieseker K, Rogers HS, Kieszak S, Njapau H, et al. 
Case-control study of an acute aflatoxicosis outbreak, Kenya, 2004. E nviron Health 
Perspect. 2005;113(12):1779–83. 
35. Gong YY, Cardwell K, Hounsa A, Egal S, Turner PC, Hall AJ, et al. Dietary aflatoxin 
exposure and impaired growth in young children from Benin and Togo: cross sectional 
study. BMJ. 2002;325(7354):20–1. 
36. Gong YY, Hounsa A, Egal S, Turner PC, Sutcliffe AE, Hall AJ, et al. Postweaning 
exposure to aflatoxin results in impaired child growth: a longitudinal study in Benin, 
West Africa. Environ Health Perspect. 2004;112(13):1334–48. 
37. Shephard GS. Risk assessment of aflatoxins in food in Africa. Food Addit Contam Part A 
Chem Anal Control Expo Risk Assess. 2008;25(10):1246–56. 
167 
38. Wu F. Mycotoxin risk assessment for the purpose of setting international regulatory 
standards. Environ Sci Technol. 2004;38(15):4049–55. 
39. Wu F, Liu Y, Bhatnagar D. Cost-effectiveness of aflatoxin control methods: Economic 
incentives. Toxin Rev. 2008;27(3–4):203–25. 
40. Cleveland T, Dowd P, Desjardins A, Bhatnagar D, Cotty P. United States Department of 
Agriculture—Agricultural Research Service research on pre harvest prevention of 
mycotoxins and mycotoxigenic fungi in US crops. Pest management science. 2003;59(6 
7):629–42. 
41. Munkvold GP. Cultural and genetic approaches to managing mycotoxins in maize. Annu 
Rev Phytopathol. 2003;41:99–116. 
42. Menkir A, Brown RL, Bandyopadhyay R, Chen ZY, Cleveland TE. A USA–Africa 
collaborative strategy for identifying, characterizing, and developing maize germplasm 
with resistance to aflatoxin contamination. Mycopathologia. 2006;162(3):225–32. 
43. Maupin LM, Clements MJ, White DG. Evaluation of the MI82 Corn Line as a Source of 
Resistance to Aflatoxin in Grain and Use of BGYF as a Selection Tool. Plant Dis. 
2003;87(9):1059–66. 
44. Brown RL, Chen ZY, Cleveland TE, Russin JS. Advances in the Development of Host 
Resistance in Corn to Aflatoxin Contamination by Aspergillus flavus. Phytopathology. 
1999;89(2):113–7. 
45. Brown RL, Chen ZY, Menkir A, Cleveland TE, Cardwell K, Kling J, et al. Resistance to 
aflatoxin accumulation in kernels of maize inbreds selected for ear rot resistance in West 
and Central Africa. J Food Prot. 2001;64(3):396–400. 
46. Chen ZY, Brown RL, Damann KE, Cleveland TE. Identification of Maize Kernel 
Endosperm Proteins Associated with Resistance to Aflatoxin Contamination by 
Aspergillus flavus. Phytopathology. 2007;97(9):1094–103. 
47. Payne GA, Brown MP. Genetics and physiology of aflatoxin biosynthesis. Annu Rev 
Phytopathol. 1998;36:329–62. 
48. Bhatnagar D, Cary JW, Ehrlich K, Yu J, Cleveland TE. Understanding the genetics of 
regulation of aflatoxin production and Aspergillus flavus development. Mycopathologia. 
2006;162(3):155–66. 
49. Yu J, Payne GA, Nierman WC, Machida M, Bennett JW, Campbell BC, et al. Aspergillus 
flavus genomics as a tool for studying the mechanism of aflatoxin formation. Food Addit 
Contam Part A Chem Anal Control Expo Risk Assess. 2008;25(9):1152–7. 
50. Holbrook CJ, Guo B, Wilson D, Timper P. The U.S. breeding program to develop peanut 
with drought tolerance and reduced aflatoxin contamination [abstract]. International 
168 
Conference on Groundnut Aflatoxin Management and Genomics; 2006 November 5−9, 
2006; Guangzhou, China. 
51. Guo B, Chen ZY, Lee RD, Scully BT. Drought stress and preharvest aflatoxin 
contamination in agricultural commodity: genetics, genomics and proteomics. J Integr 
Plant Biol. 2008;50(10):1281–91. 
52. ICRISAT. ICRISAT Archival Report 2006: The seedlings of success in the semi-arid 
tropics nurtured. [serial on the Internet]. 2006 [cited 2009, Jun 16]: Available from: 
http://www.icrisat.org/MTP/ICRISAT_Archival_Report_2006.pdf. 
53. Dowd P. Involvement of arthropods in the establishment of mycotoxigenic fungi under 
field conditions. In: Sinha KK, Bhatnagar D, editors. Mycotoxins in agriculture and food 
safety. New York: Marcel Dekker; 1998. p. 307–50. 
54. Munkvold G, Hellmich R, Rice L. Comparison of fumonisin concentrations in kernels of 
transgenic Bt maize hybrids and nontransgenic hybrids. Plant Dis. 1999;83(2):130–8. 
55. Wu F. Bt corn and mycotoxin reduction. CAB reviews: perspectives in agriculture, 
veterinary science, nutrition and natural resources. 2007;2(060):8 pp. 
56. Odvody GN, Chilcutt CF. Aflatoxin and insect response of conventional non-Bt, MON 
810 (Cry1Ab), and MON 89034 (Cry1A.105-Cry2Ab2) maize hybrids in South Texas 
(Poster). Annual multi-crop USDA aflatoxin/fumonisin elimination & fungal genomics 
workshop; 2007 Oct 22-24, 2007; Atlanta (GA). 
57. Cotty PJ, Bhatnagar D. Variability among atoxigenic Aspergillus flavus strains in ability 
to prevent aflatoxin contamination and production of aflatoxin biosynthetic pathway 
enzymes. Appl Environ Microbiol. 1994;60(7):2248–51. 
58. Dorner J, Cole R, Wicklow D. Aflatoxin reduction in corn through field application of 
competitive fungi. J Food Prot. 1999;62(6):650–6. 
59. Bandyopadhyay R, Kiewnick S, Atehnkeng J, Donner M, Cotty PJ, Hell K. Biological 
control of aflatoxin contamination in maize in Africa Tropentag 2005, Conference on 
International Agricultural Research for Development; 2005 October 11–13, 2005 
Stuttgart-Hohenheim ATSAF. 
60. Pitt JI, Hocking AD. Mycotoxins in Australia: biocontrol of aflatoxin in peanuts. 
Mycopathologia. 2006;162(3):233–43. 
61. Cotty P, Antilla L, Wakelyn P. Competitive exclusion of aflatoxin producers: Farmer-
driven research and development. In: Vincent C, Goettel MS, Lazarovitz G, editors. 
Biological control: a global perspective. Cambridge (MA): CABI. ; 2007. p. 241–53. 
62. Atehnkeng J, Ojiambo PS, Ikotun T, Sikora RA, Cotty PJ, Bandyopadhyay R. Evaluation 
of atoxigenic isolates of Aspergillus flavus as potential biocontrol agents for aflatoxin in 
169 
maize. Food Addit Contam Part A Chem Anal Control Expo Risk Assess. 
2008;25(10):1264–71. 
63. Magan N, Aldred D. Post-harvest control strategies: minimizing mycotoxins in the food 
chain. Int J Food Microbiol. 2007;119(1-2):131–9. 
64. Wagacha JM, Muthomi JW. Mycotoxin problem in Africa: current status, implications to 
food safety and health and possible management strategies. Int J Food Microbiol. 
2008;124(1):1–12. 
65. Wu F. A tale of two commodities: how EU mycotoxin regulations have affected US tree 
nut industries. World Mycotoxin J. 2008;1(1):95–102. 
66. Kabak B, Dobson AD, Var I. Strategies to prevent mycotoxin contamination of food and 
animal feed: a review. Crit Rev Food Sci Nutr. 2006;46(8):593–619. 
67. Turner PC, Sylla A, Gong YY, Diallo MS, Sutcliffe AE, Hall AJ, et al. Reduction in 
exposure to carcinogenic aflatoxins by postharvest intervention measures in west Africa: 
a community-based intervention study. Lancet. 2005;365(9475):1950–6. 
68. Hawkins LK, Windham GL, Williams WP. Effect of different postharvest drying 
temperatures on Aspergillus flavus survival and aflatoxin content in five maize hybrids. J 
Food Prot. 2005;68:1521–4. 
69. Bandyopadhyay R, Kumar M, Leslie JF. Relative severity of aflatoxin contamination of 
cereal crops in West Africa. Food Addit Contam. 2007;24(10):1109–14. 
70. Phillips TD, Afriyie-Gyawu E, Williams J, Huebner H, Ankrah NA, Ofori-Adjei D, et al. 
Reducing human exposure to aflatoxin through the use of clay: a review. Food Addit 
Contam Part A Chem Anal Control Expo Risk Assess. 2008;25(2):134–45. 
71. Pimpukdee K, Kubena LF, Bailey CA, Huebner HJ, Afriyie-Gyawu E, Phillips TD. 
Aflatoxin-induced toxicity and depletion of hepatic vitamin A in young broiler chicks: 
protection of chicks in the presence of low levels of NovaSil PLUS in the diet. Poult Sci. 
2004;83(5):737–44. 
72. Wang JS, Luo H, Billam M, Wang Z, Guan H, Tang L, et al. Short-term safety evaluation 
of processed calcium montmorillonite clay (NovaSil) in humans. Food Addit Contam. 
2005;22(3):270–9. 
73. Afriyie-Gyawu E, Ankrah NA, Huebner HJ, Ofosuhene M, Kumi J, Johnson NM, et al. 
NovaSil clay intervention in Ghanaians at high risk for aflatoxicosis. I. Study design and 
clinical outcomes. Food Addit Contam Part A Chem Anal Control Expo Risk Assess. 
2008;25(1):76–87. 
74. Groopman JD, Kensler TW, Wild CP. Protective interventions to prevent aflatoxin-
induced carcinogenesis in developing countries. Annu Rev Public Health. 2008;29:187–
203. 
170 
75. Qin G, Gopalan-Kriczky P, Su J, Ning Y, Lotlikar PD. Inhibition of aflatoxin B1-induced 
initiation of hepatocarcinogenesis in the rat by green tea. Cancer Lett. 1997;112(2):149–
54. 
76. Fujiki H, Suganuma M, Imai K, Nakachi K. Green tea: cancer preventive beverage and/or 
drug. Cancer Lett. 2002;188(1-2):9–13. 
77. Dashwood R, Negishi T, Hayatsu H, Breinholt V, Hendricks J, Bailey G. 
Chemopreventive properties of chlorophylls towards aflatoxin B1: a review of the 
antimutagenicity and anticarcinogenicity data in rainbow trout. Mutat Res. 
1998;399(2):245–53. 
78. Egner PA, Wang JB, Zhu YR, Zhang BC, Wu Y, Zhang QN, et al. Chlorophyllin 
intervention reduces aflatoxin-DNA adducts in individuals at high risk for liver cancer. 
Proc Natl Acad Sci U S A. 2001;98(25):14601–6. 
79. Waladkhani A, Clemens M. Dietary Phytochemicals in Prevention and Therapy of 
Cancer. In: R. Watson RRW, Victor R. Preedy, editor. Botanical Medicine in Clinical 
Practice. Cambridge, MA: CABI; 2009. p. 377–87. 
80. Kumar S, Chaubey R, Devasagayam T, Priyadarsini K, Chauhan P. Inhibition of 
radiation-induced DNA damage in plasmid pBR322 by chlorophyllin and possible 
mechanism (s) of action. Mutat Res Fundam Mol Mech Mugag. 1999;425(1):71–9. 
81. Diaz G, Li Q, Dashwood R. Caspase-8 and apoptosis-inducing factor mediate a 
cytochrome c-independent pathway of apoptosis in human colon cancer cells induced by 
the dietary phytochemical chlorophyllin. Cancer Res. 2003;63(6):1254. 
82. Carter O, Bailey G, Dashwood R. The Dietary Phytochemical Chlorophyllin Alters E-
Cadherin and {beta}-Catenin Expression in Human Colon Cancer Cells. J Nutr. 
2004;134(12):3441S. 
83. Higdon J. Chlorophyll and chlorophyllin.  An evidence-based approach to dietary 
phytochemicals. New York: Thieme Medical Publishers; 2007. p. 62–7. 
84. Chi WJ, Doong SL, Lin-Shiau SY, Boone CW, Kelloff GJ, Lin JK. Oltipraz, a novel 
inhibitor of hepatitis B virus transcription through elevation of p53 pr otein. 
Carcinogenesis. 1998;19(12):2133–8. 
85. Kensler TW, Chen JG, Egner PA, Fahey JW, Jacobson LP, Stephenson KK, et al. Effects 
of glucosinolate-rich broccoli sprouts on ur inary levels of aflatoxin-DNA adducts and 
phenanthrene tetraols in a randomized clinical trial in He Zuo township, Qidong, People's 
Republic of China. Cancer Epidemiol Biomarkers Prev. 2005;14(11 Pt 1):2605–13. 
86. Talalay P, Fahey JW. Phytochemicals from cruciferous plants protect against cancer by 
modulating carcinogen metabolism. J Nutr. 2001;131(11 Suppl):3027S–33S. 
171 
87. Haskard C, Binnion C, Ahokas J. Factors affecting the sequestration of aflatoxin by 
Lactobacillus rhamnosus strain GG. Chem Biol Interact. 2000;128(1):39–49. 
88. Lahtinen SJ, Haskard CA, Ouwehand AC, Salminen SJ, Ahokas JT. Binding of aflatoxin 
B1 to cell wall components of Lactobacillus rhamnosus strain GG. Food Addit Contam. 
2004;21(2):158–64. 
89. Hernandez-Mendoza A, Garcia H, Steele J. Screening of Lactobacillus casei strains for 
their ability to bind aflatoxin B1. Food Chem Toxicol. 2009;47(6):1064–8. 
90. Bullerman LB, Bianchini A. Stability of mycotoxins during food processing. Int J Food 
Microbiol. 2007;119(1-2):140–6. 
91. Williams JR, Nokes DJ, Medley GF, Anderson RM. The transmission dynamics of 
hepatitis B in the UK: a mathematical model for evaluating costs and effectiveness of 
immunization programmes. Epidemiol Infect. 1996;116(1):71–89. 
92. Bonanni P, Pesavento G, Bechini A, Tiscione E, Mannelli F, Benucci C, et al. Impact of 
universal vaccination programmes on t he epidemiology of hepatitis B: 10 years of 
experience in Italy. Vaccine. 2003;21(7-8):685–91. 
93. Chen HL, Chang MH, Ni YH, Hsu HY, Lee PI, Lee CY, et al. Seroepidemiology of 
hepatitis B virus infection in children: Ten years of mass vaccination in Taiwan. JAMA. 
1996;276(11):906–8. 
94. Jutavijittum P, Jiviriyawat Y, Yousukh A, Hayashi S, Toriyama K. Evaluation of a 
hepatitis B vaccination program in Chiang Mai, Thailand. Southeast Asian J Trop Med 
Public Health. 2005;36(1):207–12. 
95. Kramvis A, Kew M. Epidemiology of hepatitis B virus in Africa, its genotypes and 
clinical associations of genotypes. Hepatol Res. 2007;37(s1):S9–19. 
96. Dorner JW, Horn BW. Separate and combined applications of nontoxigenic Aspergillus 
flavus and A. parasiticus for biocontrol of aflatoxin in peanuts. Mycopathologia. 
2007;163(4):215–23. 
97. Cline H. Arizona cotton growers successful in aflatoxin control program. Western Farm 
Press   [serial on the Internet]. 2005 [cited 2009, Dec 13]: Available from: 
http://westernfarmpress.com/news/3-24-05-Arizona-cotton-aflatoxin/. 
98. Smith MS, Riley T. Direct and interactive effects of planting date, irrigation, and corn 
earworm (Lepidoptera: Noctuidae) damage on aflatoxin production in preharvest field 
corn. J Econ Entomol. 1992;85(3):998–1106. 
99. Godsey C, . DJ, Muldee P, Medlin C, Kizer M, Noyes R, et al. 2007 Peanut Production 
Guide for Oklahoma [serial on the Internet]. 2007 [cited 2009, Jun 16]: Available from: 
www.peanut.okstate.edu/prodinfo/E-806-2007.pdf. 
172 
100. Burt CM, Environmental and Water Resources Institute (U.S.). On-Farm Irrigation 
Committee. Selection of irrigation methods for agriculture. Reston, Va.: American 
Society of Civil Engineers; 2000. 
101. Scherer T. Selecting a sprinkler irrigation system [serial on the Internet]. 2005 [cited 
2009, Nov 5]: Available from: http://www.ag.ndsu.edu/pubs/ageng/irrigate/ae91.pdf. 
102. Smathers RL, King BA, Patterson PE. Economics of surface irrigation system [serial on the 
Internet]. 1995 [cited 2009, Nov 6]: Available from: 
http://info.ag.uidaho.edu/pdf/EXT/EXT0779.pdf. 
103. Roegge M. Corn drying. Adams/Brown Unit Weekly Ag Update   [serial on the Internet]. 
2008 [cited 2009, Nov 4]: Available from: 
http://web.extension.uiuc.edu/adamsbrown/weeklyag/081010.html. 
104. Wang P, Afriyie-Gyawu E, Tang Y, Johnson NM, Xu L, Tang L, et al. NovaSil clay 
intervention in Ghanaians at high risk for aflatoxicosis: II. Reduction in biomarkers of 
aflatoxin exposure in blood and urine. Food Addit Contam Part A Chem Anal Control 
Expo Risk Assess. 2008;25(5):622–34. 
105. Tang L, Tang M, Xu L, Luo H, Huang T, Yu J, et al. Modulation of aflatoxin biomarkers 
in human blood and urine by green tea polyphenols intervention. Carcinogenesis. 
2008;29(2):411–7. 
106. LEF. Mega Green Tea Extract (Lightly Caffeinated). Product   [serial on the Internet]. 
2009 [cited 2009, Jun 16]: Available from: http://www.lef.org/Vitamins-
Supplements/Item00953/Mega-Green-Tea-Extract-lightly-caffeinated.html. 
107. OrganicKingdom. Green tea [serial on the Internet]. 2009 [cited 2009, Jun 16]: Available 
from: http://www.organickingdom.com/-p-2950.html. 
108. VItaminalife.com. NaturalMax green tea. Tea   [serial on the Internet]. 2009 [cited 2009, 
Jun 16]: Available from: http://www.vitaminlife.com/product-
exec/product_id/30106/nm/Green+Tea. 
109. Wang JS, Shen X, He X, Zhu YR, Zhang BC, Wang JB, et al. Protective alterations in 
phase 1 a nd 2 m etabolism of aflatoxin B1 by oltipraz in residents of Qidong, People's 
Republic of China. J Natl Cancer Inst. 1999;91(4):347–54. 
110. Kensler TW, Gange SJ, Egner PA, Dolan PM, Munoz A, Groopman JD, et al. Predictive 
value of molecular dosimetry: individual versus group effects of oltipraz on a flatoxin-
albumin adducts and risk of liver cancer. Cancer Epidemiol Biomarkers Prev. 
1997;6(8):603–10. 





112. Viviani S, Jack A, Bah E, Montesano R. Hepatocellular carcinoma: a preventable cancer. 
Epidemiol Prev. 1997;21(2):129–36. 
113. Whittle HC, Maine N, Pilkington J, Mendy M, Fortuin M, Bunn J, et al. Long-term 
efficacy of continuing hepatitis B vaccination in infancy in two Gambian villages. 
Lancet. 1995;345(8957):1089–92. 
114. Perz JF, Armstrong GL, Farrington LA, Hutin YJ, Bell BP. The contributions of hepatitis 
B virus and hepatitis C virus infections to cirrhosis and primary liver cancer worldwide. J 
Hepatol. 2006;45(4):529–38. 
115. Griffiths UK, Hutton G, Pascoal EDD. The cost-effectiveness of introducing hepatitis B 
vaccine into infant immunization services in Mozambique. Health Policy Plan. 
2005;20(1):50–9. 
116. Guo BZ, Russin JS, Brown RL, Cleveland TE, Widstrom NW. Resistance to aflatoxin 
contamination in corn as influenced by relative humidity and kernel germination. J Food 
Prot. 1996;59(3):276–81. 
117. FAOSTAT. Production: crops [serial on the Internet]. 2009 [ cited 2009, Nov 4]: 
Available from: http://faostat.fao.org/. 
118. Dorner JW, Lamb, M.C. Development and commercial use of afla-guard®, an aflatoxin 
biocontrol agent. Mycotoxin Res. 2006;21:33–8. 
119. King JM, Prudente Jr. AD. Chemical detoxification of aflatoxins in food and feeds. In: 
Abbas KH, editor. Aflatoxin and Food Safety. Boca Raton (FL): CRC Press; 2005. p. 
543–54. 
120. Groopman JD, Wild CP, Hasler J, Junshi C, Wogan GN, Kensler TW. Molecular 
epidemiology of aflatoxin exposures: validation of aflatoxin-N7-guanine levels in urine 
as a biomarker in experimental rat models and humans. Environ Health Perspect. 
1993;99:107–13. 
121. Groopman JD, Johnson D, Kensler TW. Aflatoxin and hepatitis B virus biomarkers: a 
paradigm for complex environmental exposures and cancer risk. Cancer Biomark. 
2005;1(1):5–14. 
122. Degen G, Neumann H. The major metabolite of aflatoxin B1 in the rat is a glutathione 
conjugate. Chemico-biological interactions. 1978;22(2-3):239–55. 
123. Goto T, Hsieh D. Fractionation of radioactivity in the milk of goats administered 14C-
aflatoxin B1. Journal-Association of Official Analytical Chemists. 1985;68(3):456–8. 
124. Phillips TD, Sarr BA, Clement BA, Kubena LF, Harvey RB. Prevention of aflatoxicosis 
in farm animals via selective chemisorption of aflatoxin. In: Bray G, Ryan D, editors. 
Mycotoxins, cancer, and health: volume 1 of  Pennington Center nutrition series. Baton 
Rouge (LA): Louisiana State University Press; 1991. p. 223–37. 
174 
125. Paul V, Gary P, Sam M. Aflatoxins in Corn [serial on the Internet]. 1995 [cited 2008, 
Dec 14]: Available from: http://www.ca.uky.edu/agc/pubs/id/id59/id59.pdf. 
126. McBee M. Strategies for Prevention of HCC [serial on the Internet]. 2005 [cited 2008, 
Dec 23]; (26): Available from: http://mit.nelc.edu.eg/NR/rdonlyres/473292AF-EAEF-
4298-817E-C5292370BBE7/0/hcc_prevention.pdf. 
127. Evans AS, Kaslow RA. Viral infections of humans : epidemiology and control. 4th ed. 
New York: Plenum Medical Book Co.; 1997. 
128. GAVI Alliance. Pentavalent vaccine. What we do: policies   [serial on the Internet]. 2010 
[cited 2010, Jan 31,]: Available from: 
http://www.gavialliance.org/vision/policies/new_vaccines/pentavalent/index.php. 
129. GAVI Alliance. GAVI's impact on vaccine market is bringing down prices. Press release   
[serial on the Internet]. 2009 [cited 2010, Jan 31]: Available from: 
http://www.gavialliance.org/media_centre/press_releases/2009_11_18_vaccine_market_i
mpact.php. 
130. WHO. Macroeconomics and health investing in health for economic development : report 
of the Commission on Macroeconomics and Health. Geneva: World Health Organization; 
2001 [cited 2011, Feb 21]. Available from: 
http://site.ebrary.com/lib/pitt/Doc?id=10015758. 
131. Havelaar A. Methodological choices for calculating the disease burden and cost-of-illness 
of foodborne zoonoses in European countries: EU Report No. 07-002 [serial on the 
Internet]. 2007 [cited 2009, Jun 8]: Available from: 
http://www.medvetnet.org/pdf/Reports/Report_07-002.pdf. 
132. Joint FAO/WHO Expert Committee on Food Additives (JECFA). Aflatoxins. Safety 
evaluation of certain food additives and contaminants WHO Food Additives Series 40. 
The International Programme on Chemical Safety   [serial on the Internet]. 1998 [cited 
2009, Jun 9]: Available from: 
http://www.inchem.org/documents/jecfa/jecmono/v040je16.htm. 
133. The Economist. Pocket world in figures. 2008 ed. London (UK): The Economist in 
association with Profile Books Ltd.; 2007. 
134. Smale M, Jayne TS. Maize Breeding in East and Southern Africa, 1900–2000. Building 
on Successes in African Agriculture 2004; Kampala, Uganda: International Food Policy 
Research Institute. 
135. Wu F, Khlangwiset P. Health economic impacts and cost-effectiveness of aflatoxin-
reduction strategies in Africa: case studies in biocontrol and post-harvest interventions. 
Food Addit Contam Part A Chem Anal Control Expo Risk Assess. 2010;27(4):496–509. 
136. Zanetti AR, Van Damme P, Shouval D. The global impact of vaccination against 
hepatitis B: A historical overview. Vaccine. 2008;26(49):6266–73. 
175 
137. IARC. Cancer incidence and mortality worldwide in 2008. GLOBOCAN 2008   [ serial 
on the Internet]. 2008 [cited 2010, Sep 20]: Available from: http://globocan.iarc.fr. 
138. Montalto G, Cervello M, Giannitrapani L, Dantona F, Terranova A, Castagnetta LA. 
Epidemiology, risk factors, and natural history of hepatocellular carcinoma. Ann N Y 
Acad Sci. 2002;963:13–20. 
139. Wild CP, Hall AJ. Primary prevention of hepatocellular carcinoma in developing 
countries. Mutat Res. 2000;462(2−3):381–93. 
140. Monto A, Wright TL. The epidemiology and prevention of hepatocellular carcinoma. 
Semin Oncol. 2001;28(5):441–9. 
141. Tang ZY. Hepatocellular carcinoma-cause, treatment and metastasis. World J 
Gastroenterol. 2001;7(4):445–54. 
142. Liu Y, Wu F. Global burden of aflatoxin-induced hepatocellular carcinoma: a r isk 
assessment. Environ Health Perspect. 2010;118(6):818–24. 
143. Olweny CL. Etiology of hepatocellular carcinoma in Africa. IARC Sci Publ. 
1984(63):89–95. 
144. Di Bisceglie AM. Hepatitis B and hepatocellular carcinoma. Hepatology. 2009;49(suppl 
5):S56–60. 
145. JECFA (Joint FAO/WHO Expert Committee on Food Additives). Aflatoxins. Safety 
Evaluation of Certain Food Additives and Contaminants WHO Food Additives Series 40. 
The International Programme on Chemical Safety   [serial on the Internet]. 1998 [cited 
2009, Jun 9]: Available from: 
http://www.inchem.org/documents/jecfa/jecmono/v040je16.htm. 
146. Liu Y, Wu F. Global Burden of Aflatoxin-Induced Hepatocellular Carcinoma: A Risk 
Assessment. Environ Health Perspect. 2010. 
147. Kew MC. Synergistic interaction between aflatoxin B1 and hepatitis B virus in 
hepatocarcinogenesis. Liver Int. 2003;23(6):405–9. 
148. Wild CP, Gong YY. Mycotoxins and human disease: a largely ignored global health 
issue. Carcinogenesis. 2010;31(1):71–82. 
149. Turner PC, Sylla A, Diallo MS, Castegnaro JJ, Hall AJ, Wild CP. The role of aflatoxins 
and hepatitis viruses in the etiopathogenesis of hepatocellular carcinoma: a basis for 
primary prevention in Guinea-Conakry, West Africa. J Gastroenterol Hepatol. 2002;suppl 
17:S441–8. 
150. Khlangwiset P, Wu F. Costs and efficacy of public health interventions to reduce 
aflatoxin-induced human disease. Food Addit Contam Part A Chem Anal Control Expo 
Risk Assess. 2010;27(7):998–1014. 
176 
151. Cotty PJ. Influence of field application of an atoxigenic strain of Aspergillus flavus on 
the populations of A. flavus infecting cotton bolls and on the aflatoxin content of 
cottonseed  Phytopathology. 1994;84(11):1270–7. 
152. World Health Organisation (WHO). Introduction of hepatitis B vaccine into childhood 
immunization services: managing guidelines, including information for health workers 
and parents. Department of vaccines and biologicals, editor. Geneva. Switzerland: WHO; 
2001. 
153. Linsell A. Primary liver cancer: global epidemiology and main aetiological factors. Ann 
Acad Med Singapore. 1984;13(2):185–9. 
154. Hall AJ, Wild CP. Liver cancer in low and middle income countries. BMJ. 
2003;326(7397):994–5. 
155. Sun HY, Guan SF, Sen ZZ. [Assessment of the diagnostic value of gamma-GT 
isoenzyme in hepatocellular carcinoma]. Zhonghua Nei Ke Za Zhi. 1986;25(6):341-3, 81. 
156. Bankole SA, Mabekoje OO. Occurrence of aflatoxins and fumonisins in preharvest maize 
from south-western Nigeria. Food Addit Contam. 2004;21(3):251–5. 
157. Adebajo L, Idowu A, Adesanya O. Mycoflora, and mycotoxins production in Nigerian 
corn and corn-based snacks. Mycopathologia. 1994;126(3):183–92. 
158. Bankole SA, Eseigbe DA. Aflatoxins in Nigerian dry-roasted groundnuts. Nutr Food Sci. 
2004;34(6):268–71. 
159. Akano DA, Atanda O. The present level of aflatoxin in Nigerian groundnut cake 
('kulikuli'). Lett Appl Microbiol. 1990;10(4):187–9. 
160. WHO. Foodborne Disease Burden Epidemiology Reference Group. Initiative to estimate 
the Global Burden of Foodborne Diseases   [serial on the Internet]. 2009 [cited 2009, Aug 
10]: Available from: 
http://www.who.int/foodsafety/foodborne_disease/ferg/en/index3.html. 
161. IARC. Country fast stat: Nigeria. GLOBOCAN 2008   [serial on the Internet]. 2008 
[cited 2010, Sep 20]: Available from: 
http://globocan.iarc.fr/factsheets/populations/factsheet.asp?uno=566. 
162. Yang HI, Lu SN, Liaw YF, You SL, Sun CA, Wang LY, et al. Hepatitis B e antigen and 
the risk of hepatocellular carcinoma. N Engl J Med. 2002;347(3):168–74. 
163. Yu MC, Yuan JM, Ross RK, Govindarajan S. Presence of antibodies to the hepatitis B 
surface antigen is associated with an excess risk for hepatocellular carcinoma among non-
Asians in Los Angeles County, California. Hepatology. 1997;25(1):226–8. 
177 
164. Donato F, Boffetta P, Puoti M. A meta-analysis of epidemiological studies on the 
combined effect of hepatitis B and C virus infections in causing hepatocellular 
carcinoma. Int J Cancer. 1998;75(3):347–54. 
165. Olubuyide IO, Aliyu B, Olalelye OA, Ola SO, Olawuyi F, Malabu UH, et al. Hepatitis B 
and C virus and hepatocellular carcinoma. Trans R Soc Trop Med Hyg. 1997;91(1):38–
41. 
166. Igetei R, Otegbayo J, Lesi O, Anumudu C, Ndububa D. P53 codon 249 mutation and 
other risk factors among Nigerians with hepatocellular carcinoma. Journal africain du 
cancer/African Journal of Cancer. 2010;2(3):133−9. 
167. Ojo OS, Thursz M, Thomas HC, Ndububa DA, Adeodu OO, Rotimi O, et al. Hepatitis B 
virus markers, hepatitis D virus antigen and hepatitis C virus antibodies in Nigerian 
patients with chronic liver disease. East Afr Med J. 1995;72(11):719–21. 
168. Ndububa DA, Ojo OS, Adeodu OO, Adetiloye VA, Olasode BJ, Famurewa OC, et al. 
Primary hepatocellular carcinoma in Ile-Ife, Nigeria: a prospective study of 154 c ases. 
Niger J Med. 2001;10(2):59–63. 
169. Parkin DM. The global health burden of infection-associated cancers in the year 2002. Int 
J Cancer. 2006;118(12):3030–44. 
170. Viviani S, Carrieri P, Bah E, Hall AJ, Kirk GD, Mendy M, et al. 20 years into the 
Gambia Hepatitis Intervention Study: assessment of initial hypotheses and prospects for 
evaluation of protective effectiveness against liver cancer. Cancer Epidemiol Biomarkers 
Prev. 2008;17(11):3216–23. 
171. Odoemelam SA, Osu CI. Aflatoxin B1 contamination of some edible  grains marketed in 
Nigeria E-Journal of Chemistry. 2009;6(2):308–14. 
172. FAO. Food supply: crops primary  equivalent. FAOSTAT   [serial on the Internet]. 2010 
[cited 2010, Apr 9]: Available from: http://faostat.fao.org/site/609/default.aspx#ancor. 
173. Uneke CJ, Ogbu O, Inyama PU, Anyanwu GI, Njoku MO, Idoko JH. Prevalence of 
hepatitis-B surface antigen among blood donors and human immunodeficiency virus-
infected patients in Jos, Nigeria. Mem Inst Oswaldo Cruz. 2005;100(1):13–6. 
174. Egah DZ, Banwat EB, Audu ES, Iya D, Mandong BM, Anele AA, et al. Hepatitis B 
surface antigen, hepatitis C and HIV antibodies in a low-risk blood donor group, Nigeria. 
East Mediterr Health J. 2007;13(4):961–6. 
175. Nasidi A, Harry TO, Vyazov SO, Munube GM, Azzan BB, Ananiev VA. Prevalence of 
hepatitis B infection markers in representative areas of Nigeria. Int J Epidemiol. 
1986;15(2):274–6. 
176. Harry TO, Bajani MD, Moses AE. Hepatitis B virus infection among blood donors and 
pregnant women in Maiduguri, Nigeria. East Afr Med J. 1994;71(9):596–7. 
178 
177. Belo AC. Prevalence of hepatitis B virus markers in surgeons in Lagos, Nigeria. East Afr 
Med J. 2000;77(5):283–5. 
178. Ezegbudo C, Agbonlahor D, Nwobu G, Igwe C, Agba M, Okpala H, et al. The 
Seroprevalence of hepatitis B surface antigen and human immunodeficiency virus among 
pregnant women in Anambra State, Nigeria. Shiraz e-Medical Journal. 2004;5(2):215–9. 
179. Obi SN, Onah HE, Ezugwu FO. Risk factors for hepatitis B infection during pregnancy in 
a Nigerian obstetric population. J Obstet Gynaecol. 2006;26(8):770–2. 
180. Onakewhor JU, Offor E, Okonofua FE. Maternal and neonatal seroprevalence of hepatitis 
B surface antigen (HBsAg) in Benin City, Nigeria. J Obstet Gynaecol. 2001;21(6):583–6. 
181. Ayoola EA, Ogunbode O, Odelola HA. Congenital transmission of hepatitis B antigen in 
Nigerians. Arch Virol. 1981;67(1):97–9. 
182. Mabayoje V, Akinwusi P, Opaleye O, Egbewale B, Fagbami A, Aboderin A. Prevalence 
of hepatitis b surface antigen, hepatitis c and human immunodeficiency virus antibodies 
in a population of students of tertiary institution in Nigeria. Afr J Clin Exp Microbiol. 
2010;11(2):68–74. 
183. Forbi JC, Onyemauwa N, Gyar SD, Oyeleye AO, Entonu P, Agwale SM. High 
prevalence of hepatitis B virus among female sex workers in Nigeria. Rev Inst Med Trop 
Sao Paulo. 2008;50(4):219–21. 
184. Adoga MP, Banwat EB, Forbi JC, Nimzing L, Pam CR, Gyar SD, et al. Human 
immunonodeficiency virus, hepatitis B virus and hepatitis C virus: sero-prevalence, co-
infection and risk factors among prison inmates in Nasarawa State, Nigeria. J Infect Dev 
Ctries. 2009;3(7):539–47. 
185. Bukbuk D, Bassi A, Mangoro Z. Sero-prevalence of hepatitis B surface antigen among 
primary school pupils in rural Hawal valley, Borno State, Nigeria. J Comm Med Prim 
Health Care. 2005;17(1):20−3. 
186. Iwalokun BA, Hodonu SO, Olaleye BM, Olabisi OA. Seroprevalence and biochemical 
features of hepatitis B surface antigenemia in patients with HIV-1 infection in Lagos, 
Nigeria. Afr J Med Med Sci. 2006;35(3):337–43. 
187. Matee M, Magesa P, Lyamuya E. Seroprevalence of human immunodeficiency virus, 
hepatitis B and C viruses and syphilis infections among blood donors at the Muhimbili 
National Hospital in Dar Es Salaam, Tanzania. BMC Public Health. 2006;6(1):21. 
188. Forbi JC, Gabadi S, Alabi R, Iperepolu HO, Pam CR, Entonu PE, et al. The role of triple 
infection with hepatitis B virus, hepatitis C virus, and human immunodeficiency virus 
(HIV) type-1 on C D4+ lymphocyte levels in the highly HIV infected population of 
North-Central Nigeria. Mem Inst Oswaldo Cruz. 2007;102(4):535–7. 
179 
189. Mustapha S, Jibrin Y. The prevalence of hepatitis B surface antigenaemia in patients with 
human immunodeficiency virus (HIV) infection in Gombe, Nigeria. Ann Afr Med. 
2004;3(1):10–2. 
190. Seleye-Fubara D, Jebbin NJ. Hepatocellular carcinoma in Port Harcourt, Nigeria: 
clinicopathologic study of 75 cases. Ann Afr Med. 2007;6(2):54–7. 
191. World Health Organisation (WHO). Death and DALY estimates for 2004 by cause for 
WHO Member States. Disease and injury country estimates   [serial on the Internet]. 
2008 [cited 2010, May 28]: Available from: 
http://www.who.int/healthinfo/global_burden_disease/estimates_country/en/index.html. 
192. Goldstein ST, Zhou F, Hadler SC, Bell BP, Mast EE, Margolis HS. A mathematical 
model to estimate global hepatitis B disease burden and vaccination impact. Int J 
Epidemiol. 2005;34(6):1329–39. 
193. World Health Organization (WHO). Life table. Global health observatory: Mortality and 
burden of disease   [ serial on t he Internet]. 2010 [ cited 2010, Jul 25]: Available from: 
http://apps.who.int/ghodata/?vid=720#. 
194. Narayan KM, Thompson TJ, Boyle JP, Beckles GL, Engelgau MM, Vinicor F, et al. The 
use of population attributable risk to estimate the impact of prevention and early 
detection of type 2 diabetes on population-wide mortality risk in US males. Health Care 
Manag Sci. 1999;2(4):223–7. 
195. US Census Bureau. International Database (IDB) [serial on the Internet]. 2010 [cited 
2010, Apr 2010]: Available from: 
http://www.census.gov/ipc/www/idb/informationGateway.php. 
196. US Census Bureau. Population pyramids: Nigeria 2010. International Database   [serial 
on the Internet]. 2010 [cited 2010, Apr 10]: Available from: 
http://www.census.gov/ipc/www/idb/country.php. 
197. CIA. The world factbook [serial on the Internet]. 2009 [cited 2010, Mar 29]: Available 
from: https://www.cia.gov/library/publications/the-world-factbook/. 
198. UNICEF. At a glance: Nigeria [serial on the Internet]. 2010 [ cited 2010, May 24]: 
Available from: http://www.unicef.org/infobycountry/nigeria_statistics.html. 
199. Mbaawuaga E, Enenebeaku M, Okopi J. Hepatitis B virus (HBV) infection among 
pregnant women in Makurdi, Nigeria. Afr J Biomed Res. 2010;11(2):155−9. 
200. Bosch FX, Ribes J, Diaz M, Cleries R. Primary liver cancer: worldwide incidence and 
trends. Gastroenterology. 2004;127(5)(suppl 1):S5–S16. 




202. Odusanya OO, Alufohai EF, Meurice FP, Ahonkhai VI. Determinants of vaccination 
coverage in rural Nigeria. BMC Public Health. 2008;8:381. 
203. Adeyinka D, Oladimeji O, Adeyinka F, Aimakhu C. Uptake of childhood immunization 
among mothers of under-five in Southwestern Nigeria. Internet J Epidemiol. 2009;7(2). 
204. GAVI Alliance. Hepatitis B [serial on the Internet]. 2010 [cited 2010, Sep 20]: Available 
from: http://www.gavialliance.org/resources/Fact_Sheet_HepB_en.pdf. 
205. Oladokun RE, Lawoyin TO, Adedokun BO. Immunization status and its determinants 
among children of female traders in Ibadan, South-Western Nigeria. Afr J Med Med Sci. 
2009;38(1):9–15. 
206. Hall AJ, Wild CP. Epidemiology of aflatoxin related disease. In: Eaton DA, Groopman J, 
editors. The Toxicology of Aflatoxins: Human Health, Veterinary and Agricultural 
Significance. San Diego, CA: Academic Press; 1994. p. 233–58. 
207. Abrams H, Chisolm TH, McArdle R. A cost-utility analysis of adult group audiologic 
rehabilitation: are the benefits worth the cost? J Rehabil Res Dev. 2002;39(5):549-58. 
208. World Health Organization (WHO). The global burden of disease : 2004 update. Mathers 
C, Fat DM, Boerma JT, editors. Geneva, Switzerland: World Health Organization; 2008. 
209. Reidpath DD, Allotey PA, Kouame A, Cummins RA. Measuring health in a vacuum: 
examining the disability weight of the DALY. Health Policy Plan. 2003;18(4):351-6. 
210. UNICEF Supply Division  Immunization Centre. 2010 Vaccine Projections: Quantities 
and Pricing [serial on the Internet]. 2010 [ cited 2010, Mar 15]: Available from: 
http://www.unicef.org/supply/files/2010_Vaccine_Projection.pdf. 
211. International Monetary Funds (IMF). World economic outlook database, April 2010. 
Data and statistics   [serial on the Internet]. 2010 [cited 2010, Apr 17]: Available from: 
http://www.imf.org/external/pubs/ft/weo/2010/01/weodata/weoselagr.aspx. 
212. FAO. Production: crops. FAOSTAT   [ serial on the Internet]. 2010 [cited 2010, Apr 9]: 
Available from: http://faostat.fao.org/site/609/default.aspx#ancor. 
213. Pacific exchange rate service. Purchasing power parity [serial on the Internet]. 2009 
[cited 2010, May 7]: Available from: http://fx.sauder.ubc.ca/PPP.html. 
214. World Bank, editor. Global purchasing power parities and real expenditures: 2005 
International Comparisons Programme. Washington (DC): World Bank; 2008. 
215. World Bank. Indicators. Data   [serial on the Internet]. 2010 [cited 2010, May 2]: 
Available from: http://data.worldbank.org/indicator. 
216. World Intellectual Property Organization. (WO/2008/013631) Compostion for the 
enterosorption and management of toxins comprising a calcium aluminosilicate clay. 
181 
Patentscope   [ serial on the Internet]. 2010 [ cited 2010, Apr 28]: Available from: 
http://www.wipo.int/pctdb/ja/ia.jsp?ia=US2007%2F014803&IA=US2007014803&DISP
LAY=DESC. 
217. Freight-calculator.com. Online calculator for ocean full container rates [serial on the 
Internet]. 2010 [cited 2010, Apr 26]: Available from: https://www.freight-
calculator.com/apxocean.asp. 
218. International Finance Corporation. United States. Doing business   [serial on the 
Internet]. 2010 [cited 2010, Apr 26]: Available from: 
http://www.doingbusiness.org/ExploreEconomies/?economyid=197. 
219. International Finance Corporation. Nigeria. Doing business   [serial on the Internet]. 2010 
[cited 2010, Apr 26]: Available from: 
http://www.doingbusiness.org/exploreeconomies/?economyid=143. 
220. Johns B, Baltussen R, Hutubessy R. Programme costs in the economic evaluation of 
health interventions. Cost Eff Resour Alloc. 2003;1(1):1. 
221. Financing Task Force GAfVaI. Immunization program expenditures, financing and future 
financial prospects: analysis of first-round financial sustainability plans. [serial on the 
Internet]. Available from: 
http://www.who.int/immunization_financing/analyses/en/gavi_board_fsp_analysis.pdf. 
222. World health Organisation (WHO). Expected vaccine wastage. Immunization service 
delivery and accelerated disease control   [serial on the Internet]. 2010 [cited 2010, Mar 
9]: Available from: 
http://www.who.int/immunization_delivery/vaccine_management_logistics/logistics/expe
cted_wastage/en/index.html. 
223. World Health Organization (WHO). Action levels for aflatoxins in animal feed (CPG 
7126.33) [serial on the Internet]. 1994 [ cited 2010, Sep 27]: Available from: 
www.fda.gov/ora/compliance_ref/cpg/cpgvet/cpg683-100.html. 
224. FAO (Food and Agriculture Organization)FAO (Food and Agriculture Organization), 
editor. Worldwide regulations for mycotoxins in food and feed in 2003. FAO (Food and 
Agriculture Organization): FAO Press; 2004. 
225. EFSA (European Food Safety Authority). Scientific Opinion: Effects on public health of 
an increase of the levels for aflatoxin total from 4 ug/kg to 10 ug/kg for tree nuts other 
than almonds, hazelnuts and pistachios.  Statement of the Panel on Contaminants in the 
Food Chain. The EFSA Journal. 2009;1168:1–11. 
226. Wu F, Bhatnagar D, Bui-Klimke T, Carbone I, Hellmich R, Munkvold G, et al. Climate 
Change Impacts on Mycotoxin Risks in US Maize. World Mycotoxin J. 2011:in press. 
227. Center for Food Safety and Applied Nutrition (CFSAN). The bad bug book foodborne 
pathogenic microorganisms and natural toxins handbook: U.S. Food & Drug 
182 
Administration; 2000 [cited 2011, Feb 8]. Available from: 
http://webharvest.gov/peth04/20041028183558/http://www.cfsan.fda.gov/~mow/chap41.
html. 
228. World Health Organisation Statistical Information System (WHOSIS). Children aged < 5 
years. Indicator definitions and metadata, 2008 [serial on the Internet]. 2008 [cited 2010, 
Apr 19]: Available from: 
http://www.who.int/whosis/indicators/compendium/2008/2nu5/en/index.html. 
229. Black RE, Allen LH, Bhutta ZA, Caulfield LE, de Onis M, Ezzati M, et al. Maternal and 
child undernutrition: global and regional exposures and health consequences. Lancet. 
2008;371(9608):243–60. 
230. World Health Organisation (WHO). Use and interpretation of anthropometric indicators 
of nutritional status. Bull WHO. 1986;64:929–41. 
231. Ricci K, Girosi F, Tarr P, Lim Y, Mason C, Miller M, et al. Reducing stunting among 
children: the potential contribution of diagnostics. Nature. 2006;444:29–38. 
232. Mendez MA, Adair LS. Severity and timing of stunting in the first two years of life affect 
performance on cognitive tests in late childhood. J Nutr. 1999;129(8):1555–62. 
233. World Health Organization (WHO). Country profiles of environmental burden of disease. 
Quantifying environmental health impacts   [serial on the Internet]. 2010 [cited 2010, Apr 
22]: Available from: 
http://www.who.int/quantifying_ehimpacts/national/countryprofile/en/. 
234. Caulfield LE, de Onis M, Blossner M, Black RE. Undernutrition as an underlying cause 
of child deaths associated with diarrhea, pneumonia, malaria, and measles. Am J Clin 
Nutr. 2004;80(1):193–8. 
235. de Onis M, Blossner M, Borghi E, Frongillo EA, Morris R. Estimates of global 
prevalence of childhood underweight in 1990 and 2015. JAMA. 2004;291(21):2600–6. 
236. Jacobs B, Roberts E. Baseline assessment for addressing acute malnutrition by public-
health staff in Cambodia. J Health Popul Nutr. 2004;22(2):212-9. 
237. Yip R, Sharp TW. Acute malnutrition and high childhood mortality related to diarrhea. 
Lessons from the 1991 Kurdish refugee crisis. JAMA. 1993;270(5):587-90. 
238. Schaible UE, Kaufmann SH. Malnutrition and infection: complex mechanisms and global 
impacts. PLoS Med. 2007;4(5):e115. 
239. World Health Organization (WHO). Nutrition Landscape Information System (NLIS) 
country profile indicators: interpretation guide. Geneva: World Health Organization; 
2010. 
183 
240. Cheng YH, Shen TF, Pang VF, Chen BJ. Effects of aflatoxin and carotenoids on growth 
performance and immune response in mule ducklings. Comp Biochem Physiol C Toxicol 
Pharmacol. 2001;128(1):19–26. 
241. Kocabas CN, Coskun T, Yurdakok M, Haziroglu R. The effects of aflatoxin B1 on the 
development of kwashiorkor in mice. Hum Exp Toxicol. 2003;22(3):155–8. 
242. Sadana JR, Asrani RK, Pandita A. Effect of dietary aflatoxin B1 on the growth response 
and haematologic changes of young Japanese quail. Mycopathologia. 1992;118(3):133–7. 
243. Han X, Huang Q, Li W, Jiang J, Xu Z. Changes in growth performance, digestive 
enzyme activities and nutrient digestibility of cherry valley ducks in response to aflatoxin 
B1 levels. Livest Sci. 2008;119(1-3):216–20. 
244. Bryden WL, Cumming RB, Balnave D. The influence of vitamin A status on the response 
of chickens to aflatoxin B1 and changes in liver lipid metabolism associated with 
aflatoxicosis. Br J Nutr. 1979;41(3):529–40. 
245. Huff W. Evaluation of tibial dyschondroplasia during aflatoxicosis and feed restriction in 
young broiler chickens. Poult Sci. 1980;59(5):991–5. 
246. Giambrone J, Diener U, Davis N, Panangala V, Hoerr F. Effects of aflatoxin on young 
turkeys and broiler chickens. Poult Sci. 1985;64(9):1678–84. 
247. Shukla S, Pachauri S. Effect of aflatoxicosis on growth and development in cockerels. 
Indian Vet J. 1985;62(4):341–2. 
248. Huff W, Kubena L, Harvey R, Hagler Jr W, Swanson S, Phillips T, et al. Individual and 
combined effects of aflatoxin and deoxynivalenol (DON, vomitoxin) in broiler chickens. 
Poult Sci. 1986;65(7):1291–8. 
249. Prabaharan S, George V, Balasubramaniam G. Influence of dietary aflatoxin and 
coccidiosis on growth rate in broiler chicken. Indian Vet J. 1999;76:827–8. 
250. Doerr J, Huff W, Wabeck C, Chaloupka G, May J, Merkley J. Effects of low level 
chronic aflatoxicosis in broiler chickens. Poult Sci. 1983;62(10):1971–7. 
251. Randall G, Bird F. The effect of exercise on t he toxicity of aflatoxin B1 in chickens. 
Poult Sci. 1979;58(5):1284–8. 
252. Ram V, Rao G, Rao R. Effect of aflatoxin feeding and its withdrawal effect on the 
growth rate of broilers and layers under long term feeding trial. Indian Vet J, Madras. 
1988;65:113–6. 
253. Panangala VS, Giambrone JJ, Diener UL, Davis ND, Hoerr FJ, Mitra A, et al. Effects of 
aflatoxin on the growth performance and immune responses of weanling swine. Am J Vet 
Res. 1986;47(9):2062–7. 
184 
254. Lindemann MD, Blodgett DJ, Kornegay ET, Schurig GG. Potential ameliorators of 
aflatoxicosis in weanling/growing swine. J Anim Sci. 1993;71(1):171–8. 
255. Harvey RB, Kubena LF, Elissalde MH, Corrier DE, Phillips TD. Comparison of two 
hydrated sodium calcium aluminosilicate compounds to experimentally protect growing 
barrows from aflatoxicosis. J Vet Diagn Invest. 1994;6(1):88–92. 
256. Schell TC, Lindemann MD, Kornegay ET, Blodgett DJ. Effects of feeding aflatoxin-
contaminated diets with and without clay to weanling and growing pigs on performance, 
liver function, and mineral metabolism. J Anim Sci. 1993;71(5):1209–18. 
257. Schell TC, Lindemann MD, Kornegay ET, Blodgett DJ, Doerr JA. Effectiveness of 
different types of clay for reducing the detrimental effects of aflatoxin-contaminated diets 
on performance and serum profiles of weanling pigs. J Anim Sci. 1993;71(5):1226–31. 
258. Southern LL, Clawson AJ. Effects of aflatoxins on f inishing swine. J Anim Sci. 
1979;49(4):1006–11. 
259. Harvey RB, Huff WE, Kubena LF, Phillips TD. Evaluation of diets contaminated with 
aflatoxin and ochratoxin fed to growing pigs. Am J Vet Res. 1989;50(8):1400–5. 
260. Harvey RB, Edrington TS, Kubena LF, Elissalde MH, Rottinghaus GE. Influence of 
aflatoxin and fumonisin B1-containing culture material on growing barrows. Am J Vet 
Res. 1995;56(12):1668–72. 
261. Armbrecht B, Wiseman H, Shalkop W, Geleta J. Swine aflatoxicosis. I. An assessment of 
growth efficiency and other responses in growing pigs fed aflatoxin. Environ Physiol. 
1971;1:198. 
262. Harvey R, Kubena L, Elissalde M. Effects of aflatoxin on t ocopherol and retinol 
concentrations in growing barrows. Agri-Practice (USA). 1995;16(6):12–4. 
263. Chávez-Sánchez MC, Martínez Palacios CA, Osorio Moreno I. Pathological effects of 
feeding young Oreochromis niloticus diets supplemented with different levels of 
aflatoxin B1. Aquaculture. 1994;127(1):49–60. 
264. Jantrarotai W, Lovell R. Subchronic toxicity of dietary aflatoxin B1  to channel catfish. J 
Aquat Anim Health. 1990;2(4):248–54. 
265. Keyl A, Booth A. Aflatoxin effects in livestock. J Am Oil Chem Soc. 1971;48(10):599–
604. 
266. Edrington TS, Harvey RB, Kubena LF. Effect of aflatoxin in growing lambs fed 
ruminally degradable or escape protein sources. J Anim Sci. 1994;72(5):1274–81. 
267. Butler W, Wigglesworth J. The effects of aflatoxin B 1 on the pregnant rat. Br J Exp 
Pathol. 1966;47:242–7. 
185 
268. Schmidt RE, Panciera RJ. Effects of aflatoxin on pr egnant hamsters and hamster 
foetuses. J Comp Pathol. 1980;90(3):339–47. 
269. Kihara T, Matsuo T, Sakamoto M, Yasuda Y, Yamamoto Y, Tanimura T. Effects of 
prenatal aflatoxin B1 exposure on behaviors of rat offspring. Toxicol Sci. 
2000;53(2):392–9. 
270. Mocchegiani E, Corradi A, Santarelli L, Tibaldi A, DeAngelis E, Borghetti P, et al. Zinc, 
thymic endocrine activity and mitogen responsiveness (PHA) in piglets exposed to 
maternal aflatoxicosis B1 and G1. Vet Immunol Immunopathol. 1998;62(3):245–60. 
271. Oliveira CA, Rosmaninho JF, Butkeraitis P, Correa B, Reis TA, Guerra JL, et al. Effect 
of low levels of dietary aflatoxin B1 on laying japanese quail. Poult Sci. 2002;81(7):976–
80. 
272. Gong YY, Egal S, Hounsa A, Turner PC, Hall AJ, Cardwell KF, et al. Determinants of 
aflatoxin exposure in young children from Benin and Togo, West Africa: the critical role 
of weaning. Int J Epidemiol. 2003;32(4):556–62. 
273. Hsieh LL, Hsieh TT. Detection of aflatoxin B1-DNA adducts in human placenta and cord 
blood. Cancer Res. 1993;53(6):1278–80. 
274. Abdulrazzaq YM, Osman N, Yousif ZM, Trad O. Morbidity in neonates of mothers who 
have ingested aflatoxins. Ann Trop Paediatr. 2004;24(2):145–51. 
275. Maxwell S, Apeagyei F, De Vries H, Mwanmut D, Hendrickse R. Aflatoxins in breast 
milk, neonatal cord blood and sera of pregnant women. Toxin Rev. 1989;8(1-2):19–29. 
276. Lamplugh SM, Hendrickse RG, Apeagyei F, Mwanmut DD. Aflatoxins in breast milk, 
neonatal cord blood, and serum of pregnant women. Br Med J (Clin Res Ed). 
1988;296(6627):968. 
277. Ahmed H, Hendrickse RG, Maxwell SM, Yakubu AM. Neonatal jaundice with reference 
to aflatoxins: an aetiological study in Zaria, northern Nigeria. Ann Trop Paediatr. 
1995;15(1):11–20. 
278. Abulu EO, Uriah N, Aigbefo HS, Oboh PA, Agbonlahor DE. Preliminary investigation 
on aflatoxin in cord blood of jaundiced neonates. West Afr J Med. 1998;17(3):184–7. 
279. Jonsyn FE, Maxwell SM, Hendrickse RG. Human fetal exposure to ochratoxin A and 
aflatoxins. Ann Trop Paediatr. 1995;15(1):3–9. 
280. Wild CP, Rasheed FN, Jawla MF, Hall AJ, Jansen LA, Montesano R. In-utero exposure 
to aflatoxin in west Africa. Lancet. 1991;337(8757):1602. 
281. Denning DW, Allen R, Wilkinson AP, Morgan MR. Transplacental transfer of aflatoxin 
in humans. Carcinogenesis. 1990;11(6):1033–5. 
186 
282. Hashimoto H, Nakagawa T, Yokoi T, Sawada M, Itoh S, Kamataki T. Fetus-specific 
CYP3A7 and adult-specific CYP3A4 expressed in Chinese hamster CHL cells have 
similar capacity to activate carcinogenic mycotoxins. Cancer Res. 1995;55(4):787–91. 
283. Liu L, Massey TE. Bioactivation of aflatoxin B1 by lipoxygenases, prostaglandin H 
synthase and cytochrome P450 monooxygenase in guinea-pig tissues. Carcinogenesis. 
1992;13(4):533–9. 
284. Doi AM, Patterson PE, Gallagher EP. Variability in aflatoxin B(1)-macromolecular 
binding and relationship to biotransformation enzyme expression in human prenatal and 
adult liver. Toxicol Appl Pharmacol. 2002;181(1):48–59. 
285. Partanen HA, El-Nezami HS, Leppanen JM, Myllynen PK, Woodhouse HJ, Vahakangas 
KH. Aflatoxin B1 transfer and metabolism in human placenta. Toxicol Sci. 
2010;113(1):216–25. 
286. Wild CP, Pionneau FA, Montesano R, Mutiro CF, Chetsanga CJ. Aflatoxin detected in 
human breast milk by immunoassay. Int J Cancer. 1987;40(3):328–33. 
287. Somogyi A, Beck H. Nurturing and breast-feeding: exposure to chemicals in breast milk. 
Environ Health Perspect. 1993;101 Suppl 2:45–52. 
288. Coulter JB, Lamplugh SM, Suliman GI, Omer MI, Hendrickse RG. Aflatoxins in human 
breast milk. Ann Trop Paediatr. 1984;4(2):61–6. 
289. Polychronaki N, P CT, Mykkanen H, Gong Y, Amra H, Abdel-Wahhab M, et al. 
Determinants of aflatoxin M1 in breast milk in a selected group of Egyptian mothers. 
Food Addit Contam. 2006;23(7):700–8. 
290. Polychronaki N, West RM, Turner PC, Amra H, Abdel-Wahhab M, Mykkanen H, et al. 
A longitudinal assessment of aflatoxin M1 excretion in breast milk of selected Egyptian 
mothers. Food Chem Toxicol. 2007;45(7):1210–5. 
291. Jonsyn FE, Maxwell SM, Hendrickse RG. Ochratoxin A and aflatoxins in breast milk 
samples from Sierra Leone. Mycopathologia. 1995;131(2):121–6. 
292. Tchana AN, Moundipa PF, Tchouanguep FM. Aflatoxin contamination in food and body 
fluids in relation to malnutrition and cancer status in Cameroon. Int J Environ Res Public 
Health. 2010;7(1):178–88. 
293. Mahdavi R, Nikniaz L, Arefhosseini SR, Vahed Jabbari M. Determination of aflatoxin 
M(1) in breast milk samples in Tabriz-Iran. Matern Child Health J. 2010;14(1):141–5. 
294. el-Nezami HS, Nicoletti G, Neal GE, Donohue DC, Ahokas JT. Aflatoxin M1 in human 
breast milk samples from Victoria, Australia and Thailand. Food Chem Toxicol. 
1995;33(3):173–9. 
187 
295. Saad AM, Abdelgadir AM, Moss MO. Exposure of infants to aflatoxin M1 from mothers' 
breast milk in Abu Dhabi, UAE. Food Addit Contam. 1995;12(2):255–61. 
296. Keskin Y, Baskaya R, Karsli S, Yurdun T, Ozyaral O. Detection of aflatoxin M1 in 
human breast milk and raw cow's milk in Istanbul, Turkey. J Food Prot. 2009;72(4):885–
9. 
297. Turconi G, Guarcello M, Livieri C, Comizzoli S, Maccarini L, Castellazzi AM, et al. 
Evaluation of xenobiotics in human milk and ingestion by the newborn--an 
epidemiological survey in Lombardy (Northern Italy). Eur J Nutr. 2004;43(4):191–7. 
298. Gurbay A, Sabuncuoglu SA, Girgin G, Sahin G, Yigit S, Yurdakok M, et al. Exposure of 
newborns to aflatoxin M1 and B1 from mothers' breast milk in Ankara, Turkey. Food 
Chem Toxicol. 2010;48(1):314–9. 
299. Polychronaki N, Wild CP, Mykkanen H, Amra H, Abdel-Wahhab M, Sylla A, et al. 
Urinary biomarkers of aflatoxin exposure in young children from Egypt and Guinea. 
Food Chem Toxicol. 2008;46(2):519–26. 
300. Turner PC, Mendy M, Whittle H, Fortuin M, Hall AJ, Wild CP. Hepatitis B infection and 
aflatoxin biomarker levels in Gambian children. Trop Med Int Health. 2000;5(12):837–
41. 
301. Turner PC, Sylla A, Kuang SY, Marchant CL, Diallo MS, Hall AJ, et al. Absence of 
TP53 codon 249 m utations in young Guinean children with high aflatoxin exposure. 
Cancer Epidemiol Biomarkers Prev. 2005;14(8):2053–5. 
302. Wild CP, Fortuin M, Donato F, Whittle HC, Hall AJ, Wolf CR, et al. Aflatoxin, liver 
enzymes, and hepatitis B virus infection in Gambian children. Cancer Epidemiol 
Biomarkers Prev. 1993;2(6):555–61. 
303. Wild CP, Jiang YZ, Allen SJ, Jansen LA, Hall AJ, Montesano R. Aflatoxin-albumin 
adducts in human sera from different regions of the world. Carcinogenesis. 
1990;11(12):2271–4. 
304. Jonsyn-Ellis FE. Seasonal variation in exposure frequency and concentration levels of 
aflatoxins and ochratoxins in urine samples of boys and girls. Mycopathologia. 
2001;152(1):35–40. 
305. Allen SJ, Wild CP, Wheeler JG, Riley EM, Montesano R, Bennett S, et al. Aflatoxin 
exposure, malaria and hepatitis B infection in rural Gambian children. Trans R Soc Trop 
Med Hyg. 1992;86(4):426–30. 
306. Wild CP, Yin F, Turner PC, Chemin I, Chapot B, Mendy M, et al. Environmental and 
genetic determinants of aflatoxin-albumin adducts in the Gambia. Int J Cancer. 
2000;86(1):1–7. 
188 
307. Manary MJ, Broadhead RL, Yarasheski KE. Whole-body protein kinetics in marasmus 
and kwashiorkor during acute infection. Am J Clin Nutr. 1998;67(6):1205–9. 
308. Collins N. Assessment and treatment of involuntary weight loss and protein-calorie 
malnutrition. Adv Skin Wound Care. 2000;13(1 Suppl):4–10. 
309. Scheinfeld NS, Mokashi A. Protein-Energy Malnutrition. eMedicine Specialties: 
Endocrinology: Metabolic Disorders   [serial on the Internet]. 2010 [cited 2010, Sep 28]: 
Available from: http://emedicine.medscape.com/article/1104623-overview. 
310. Shashidhar HR, Grigsby DG. Protein-Energy Malnutrition. eMedicine Specialties: 
Endocrinology: Metabolic Disorders   [serial on the Internet]. 2009 [cited 2010, Sep 28]: 
Available from: http://emedicine.medscape.com/article/985140-overview. 
311. Hendrickse RG, Coulter JB, Lamplugh SM, Macfarlane SB, Williams TE, Omer MI, et 
al. Aflatoxins and kwashiorkor: a study in Sudanese children. Br Med J (Clin Res Ed). 
1982;285(6345):843–6. 
312. Lamplugh SM, Hendrickse RG. Aflatoxins in the livers of children with kwashiorkor. 
Ann Trop Paediatr. 1982;2(3):101–4. 
313. Coulter JB, Hendrickse RG, Lamplugh SM, Macfarlane SB, Moody JB, Omer MI, et al. 
Aflatoxins and kwashiorkor: clinical studies in Sudanese children. Trans R Soc Trop Med 
Hyg. 1986;80(6):945–51. 
314. De Vries HR, Lamplugh SM, Hendrickse RG. Aflatoxins and kwashiorkor in Kenya: a 
hospital based study in a rural area of Kenya. Ann Trop Paediatr. 1987;7(4):249–51. 
315. Oyelami OA, Maxwell SM, Adelusola KA, Aladekoma TA, Oyelese AO. Aflatoxins in 
the lungs of children with kwashiorkor and children with miscellaneous diseases in 
Nigeria. J Toxicol Environ Health. 1997;51(6):623–8. 
316. Hatem NL, Hassab HM, Abd Al-Rahman EM, El-Deeb SA, El-Sayed Ahmed RL. 
Prevalence of aflatoxins in blood and urine of Egyptian infants with protein-energy 
malnutrition. Food Nutr Bull. 2005;26(1):49–56. 
317. Oyelami OA, Maxwell SM, Adelusola KA, Aladekoma TA, Oyelese AO. Aflatoxins in 
autopsy kidney specimens from children in Nigeria. J Toxicol Environ Health A. 
1998;55(5):317–23. 
318. Ramjee G, Berjak P, Adhikari M, Dutton MF. Aflatoxins and kwashiorkor in Durban, 
South Africa. Ann Trop Paediatr. 1992;12(3):241–7. 
319. De Vries HR, Maxwell SM, Hendrickse RG. Foetal and neonatal exposure to aflatoxins. 
Acta Paediatr Scand. 1989;78(3):373–8. 
189 
320. Moore SE, Collinson AC, Prentice AM. Immune function in rural Gambian children is 
not related to season of birth, birth size, or maternal supplementation status. Am J Clin 
Nutr. 2001;74(6):840–7. 
321. Okoth SA, Ohingo M. Dietary aflatoxin exposure and impaired growth in young children 
from Kisumu District, Kenya: Cross sectional study. Afr J Health Sci. 2004;11(1−2):43–
54. 
322. Panel on qua lity protein maize NRC. The promise of QPM. In: Ruster FR, editor. 
Quality-protein maize: report. Washington DC: National Academy Press; 1988. p. 35–40. 
323. Dako D. Cereal utilization in West Africa. In: Lasztity R, editor. Amino acid composition 
and biological value of cereal protein. Hungary: D. Reildel Publishing and Akademiai 
Kiado; 1985. p. 27–44. 
324. Mosha A, Svanberg U. Preparation of weaning foods with high nutrient density using 
flour of germinated cereals. Food Nutr Bull. 1983;5(2):10–4. 
325. Igbedioh SO, Edache A, Kaka HJ. Infant weaning practices of some Idoma women in 
Makurdi, Nigeria. Nutr Health. 1995;10(3):239–53. 
326. Kikafunda J, Walker A, Tumwine J. Weaning foods and practices in Central Uganda: a 
cross-sectional study. Afr J Food Agric Nutr Dev. 2003;3(2). 
327. Onyango A, Koski KG, Tucker KL. Food diversity versus breastfeeding choice in 
determining anthropometric status in rural Kenyan toddlers. Int J Epidemiol. 
1998;27(3):484–9. 
328. Selinus R. Home made weaning foods for Ethiopian children. J Trop Pediatr. 
1970;16(4):188–94. 
329. Dicko M, Gruppen H, Traoré A, Voragen A, Van Berkel W. Sorghum grain as human 
food in Africa: relevance of content of starch and amylase activities. Afr J Biotechnol. 
2006;5(5):384–95. 
330. Simmons WK. Xerophthalmia and blindness in Northeast Brazil. Am J Clin Nutr. 
1976;29(1):116–22. 
331. Lipsky S, Stephenson PA, Koepsell TD, Gloyd SS, Lopez JL, Bain CE. Breastfeeding 
and weaning practices in rural Mexico. Nutr Health. 1994;9(4):255–63. 
332. Li L, Li S, Ali M, Ushijima H. Feeding practice of infants and their correlates in urban 
areas of Beijing, China. Pediatr Int. 2003;45(4):400–6. 
333. Wang X, Wang Y, Kang C. Feeding practices in 105 counties of rural China. Child Care 
Health Dev. 2005;31(4):417–23. 
190 
334. He YN, Zhai F. [Complementary feeding practice in Chinese rural children]. Wei Sheng 
Yan Jiu. 2001;30(5):305–7. 
335. Platt B, Gin S. Chinese methods of infant feeding and nursing. Br Med J. 
1938;13(76):343–54. 
336. Yeh FS, Yu MC, Mo CC, Luo S, Tong MJ, Henderson BE. Hepatitis B virus, aflatoxins, 
and hepatocellular carcinoma in southern Guangxi, China. Cancer Res. 1989;49(9):2506–
9. 
337. Groopman JD, Hall AJ, Whittle H, Hudson GJ, Wogan GN, Montesano R, et al. 
Molecular dosimetry of aflatoxin-N7-guanine in human urine obtained in The Gambia, 
West Africa. Cancer Epidemiol Biomarkers Prev. 1992;1(3):221–7. 
338. Wang J, Liu X. Surveillance on contamination of total aflatoxins in corn, peanut, rice, 
walnut and pine nut in several areas in China (abstract). Zhonghua yu fang yi xue za zhi 
[Chinese journal of preventive medicine]. 2006;40(1):33–7. 
339. Li FQ, Yoshizawa T, Kawamura O, Luo XY, Li YW. Aflatoxins and fumonisins in corn 
from the high-incidence area for human hepatocellular carcinoma in Guangxi, China. J 
Agric Food Chem. 2001;49(8):4122–6. 
340. Liu Z, Gao J, Yu J. Aflatoxins in stored maize and rice grains in Liaoning Province, 
China. J Stored Products Res. 2006;42(4):468–79. 
341. Khan ME. Breast-feeding and weaning practices in India. Asia Pac Popul J. 
1990;5(1):71–88. 
342. Sinha A, Kumar AR. Infant growth in relation to feeding practices in low income 
families. Indian Pediatr. 1991;28(1):57–64. 
343. Rao KS, Swaminathan MC, Swarup S, Patwardhan VN. Protein malnutrition in South 
India. Bull World Health Organ. 1959;20:603–39. 
344. Jackson DA, Imong SM, Wongsawasdii L, Silprasert A, Preunglampoo S, Leelapat P, et 
al. Weaning practices and breast-feeding duration in Northern Thailand. Br J Nutr. 
1992;67(2):149–64. 
345. Victora CG, Adair L, Fall C, Hallal PC, Martorell R, Richter L, et al. Maternal and child 
undernutrition: consequences for adult health and human capital. Lancet. 
2008;371(9609):340–57. 
346. UNDP. The millenium development goals. Fast facts   [serial on the Internet]. 2010 [cited 
2010, Oct 27]: Available from: http://www.undp.org/publications/fast-facts/FF-mdg.pdf. 
347. Hill AB. The Environment and Disease: Association or Causation? Proc R Soc Med. 
1965;58:295–300. 
191 
348. Bondy GS, Pestka JJ. Immunomodulation by fungal toxins. J Toxicol Environ Health B 
Crit Rev. 2000;3(2):109–43. 
349. Yarru LP, Settivari RS, Antoniou E, Ledoux DR, Rottinghaus GE. Toxicological and 
gene expression analysis of the impact of aflatoxin B1 on hepatic function of male broiler 
chicks. Poult Sci. 2009;88(2):360–71. 
350. Schaeffer JL, Hamilton P. Interactions of mycotoxins with feed ingredients. Do safe level 
exist? In: Smith J, Henderson R, editors. Mycotoxins and animal foods: CRC press; 1991. 
p. 827–46. 
351. Wu F, Khlangwiset P. Evaluating the technical feasibility of aflatoxin risk reduction 
strategies in Africa. Food Addit Contam Part A Chem Anal Control Expo Risk Assess. 
2010;27(5):658–76. 
352. Holford T. Analysis of proportion. In: Holford T, editor. Multivariate methods in 
epidemiology: Oxford University Press, USA; 2002. p. 39–80. 
353. Fiellin DA, O'Connor PG, Holmboe ES, Horwitz RI. Risk for delirium tremens in 
patients with alcohol withdrawal syndrome. Subst Abus. 2002;23(2):83–94. 
354. Bhutta Z, Ahmed T, Black R, Cousens S, Dewey K, Giugliani E, et al. Maternal and 
Child Undernutrition 3 What works? Interventions for maternal and child undernutrition 
and survival. Lancet. 2008;371:417–40. 
355. Bearer CF. Environmental health hazards: how children are different from adults. Future 
Child. 1995;5(2):11–26. 
356. Meissonnier GM, Pinton P, Laffitte J, Cossalter AM, Gong YY, Wild CP, et al. 
Immunotoxicity of aflatoxin B1: impairment of the cell-mediated response to vaccine 
antigen and modulation of cytokine expression. Toxicol Appl Pharmacol. 
2008;231(2):142–9. 
357. Kuniholm MH, Lesi OA, Mendy M, Akano AO, Sam O, Hall AJ, et al. Aflatoxin 
exposure and viral hepatitis in the etiology of liver cirrhosis in the Gambia, West Africa. 
Environ Health Perspect. 2008;116(11):1553–7. 
358. Williams JH. Institutional stakeholders in mycotoxin issues - past, present and future. In: 
Leslie J, editor. Mycotoxins: detection methods, management, public health and 
agricultural trade. Oxfordshire, UK: CABI; 2008. p. 349–58. 
359. Gericke CA, Kurowski C, Ranson MK, Mills A. Intervention complexity--a conceptual 
framework to inform priority-setting in health. Bull World Health Organ. 
2005;83(4):285–93. 
360. Dorner JW. Transfer of aflatoxin biocontrol technology: results of first commercial use in 
peanuts. Aflatoxin Elimination Workshop; 2006. 
192 
361. Cole RJ, Dorner JW, inventors; The United States of America as represented by the 
Secretary of Agriculture (Washington, DC) assignee. Biological control formulations 
containing spores of nontoxigenic strains of fungi for toxin control of food crops United 
States. 2001 2001, Oct 23. 
362. EPA. Aspergillus flavus NRRL 21882; Notice of Filing a Pesticide Petition to Establish a 
Tolerance for a Certain Microbial Pesticide in or on Food. In: EPA, editor. Washington: 
EPA; 2004. 
363. ACRPC (Arizona Cotton Research and Protection Council). Aspergillus flavus: AF36. 
Experimental Biopesticide   [serial on the Internet]. 2007 [cited 2009, Aug 25]: Available 
from: http://ag.arizona.edu/research/cottylab/apdfs/af36%20pistachio%20label.pdf. 
364. Serageldin I, Juma C. Africa: Continent Warms Up to Biotechnology. Business Daily   
[serial on the Internet]. 2007 [cited 2009, Aug 24]: Available from: 
http://allafrica.com/stories/200711140948.html. 
365. Yin YN, Yan LY, Jiang JH, Ma ZH. Biological control of aflatoxin contamination of 
crops. J Zhejiang Univ Sci B. 2008;9(10):787–92. 
366. EPA. Aspergillus flavus strain AF36 (006456) Fact Sheet [serial on the Internet]. 2003 
[cited 2009, Sep 29]: Available from: 
http://www.epa.gov/opp00001/biopesticides/ingredients/factsheets/factsheet_006456.htm
. 
367. IITA (International Institute of Tropical Agriculture). Towards a common policy of a 
safety use of biopesticides in West Africa: synopsis of audio documentary Ibadan: IITA; 
2008. 
368. AATF (African Agricultural Technology Foundation). Consultative meeting on 
biological control of Aflatoxins held. Partnerships   [serial on the Internet]. 2009 [cited 
2009, Aug 25]: Available from: http://www.aatf-
africa.org/UserFiles/File/PartnershipsNewsletter_2_April-June09.pdf. 
369. CGIAR. New Low-Cost Technology Counters Widespread Aflatoxin Food Poisoning, 
Increases Agricultural Exports. News releases   [serial on the Internet]. 2007 [cited 2009, 
Aug 25]: available from: 
http://www.cgiar.org/newsroom/releases/news.asp?idnews=586. 
370. Wild CP, Jiang YZ, Sabbioni G, Chapot B, Montesano R. Evaluation of methods for 
quantitation of aflatoxin-albumin adducts and their application to human exposure 
assessment. Cancer Res. 1990;50(2):245–51. 
371. Hell K, Cardwell KF, Setamou M, Poehling H. The influence of storage practices on 
aflatoxin contamination in maize in four agroecological zones of Benin, west Africa. J 
Stored Prod Res. 2000;36(4):365–82. 
193 
372. Gilbert J. Prevention and Control Strategies for Aflatoxins.  SELAMAT Seminar 
Indonesia: SEAFAST Seminar; 2008. 
373. Abrahams PW. Human geophagy: a review of its distribution, causes and implication In: 
Skinner HCW, Berger AR, editors. Geology and health : closing the gap. New York: 
Oxford University Press; 2003. p. 31–6. 
374. Centers for Disease Control and Prevention (U.S.). Hepatitis B Vaccine: What you need 
to know [serial on the Internet]. 2007 [cited 2009, Nov 14]:  Available from: 
http://www.cdc.gov/vaccines/pubs/vis/downloads/vis-hep-b.pdf. 
375. Kew MC. Hepatitis B virus infection: the burden of disease in South Africa. South Afr J 
Epidemiol Infect. 2008;23(1): 4–8. 
376. Françoisa G, Dochezb C, Mphahlele MJ, Burnett R, Hala GV, Meheus A. Hepatitis B 
vaccination in Africa: mission accomplished? South Afr J Epidemiol Infect. 
2008;23(1):24–8. 
377. NFID (National Foundation for Infectious Disease). Hepatitis B Vaccine Safety. Hepatitis 
Resources   [serial on the Internet]. 2009 [cited 2009, Aug 29]: Available from: 
http://www.nfid.org/library/hepb_safety.shtml. 
378. Estache A. What do we know about Sub-Saharan Africa’s Infrastructure and the Impact 




379. Immunization Action Coalition. Maintaining the Cold Chain During Transport [serial on 
the Internet]. 2006 [cited 2009, Aug 30]: Available from: 
www.immunize.org/catg.d/p3049.pdf  
380. Manzila T, Okwo-Bele J. Hepatitis B vaccination in the WHO Africa Region and the 
Global Alliance for Vaccines and Immunization context. South Afr J Epidemiol Infect. 
2002;17:63–6. 
381. Schoub BD, Johnson S, McAnerney JM, Blackburn N, Kew MC, McCutcheon JP, et al. 
Integration of hepatitis B vaccination into rural African primary health care programmes. 
BMJ. 1991;302(6772):313–6. 
382. Rusconi R, Portaleone D, Ferrentino R, Ballabio G, Giulotto P. [Evaluation of the 
nutritional status and growth of children with chronic HBsAg-positive hepatitis]. Pediatr 
Med Chir. 1983;5(3):65-8. 
383. Vegnente A, Guida S, Di Costanzo V, Fusco C, Iorio R, Toscano P. Nutritional status and 
growth in children with chronic hepatitis B. J Pediatr Gastroenterol Nutr. 
1992;14(2):123-7. 
194 
384. Bekem Soylu O, Targan S, Diniz G, Ortac R. Nutritional status of children with chronic 
hepatitis B in a population with low socioeconomic status. Eur J Gastroenterol Hepatol. 
2009;21(11):1252-5. 
385. Lee M. Basic skills in interpreting laboratory data: Amer Soc of Health System; 2009. 
386. Wild CP, Hasegawa R, Barraud L, Chutimataewin S, Chapot B, Ito N, et al. Aflatoxin-
albumin adducts: a basis for comparative carcinogenesis between animals and humans. 
Cancer Epidemiology Biomarkers & Prevention. 1996;5(3):179–89. 
 
 
